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Preface 


Magnesium (Mg) is the eighth most abundant element on Earth, especially 
in the ocean, and is a huge worldwide resource. Pure Mg has relatively 
low yield stress, elongation and modulus. However, for its amazingly low 
density, Mg has a strength—weight or stiffness—weight ratio higher than steel 
or aluminum alloys. Pure Mg is chemically active: it can be ignited in air and 
reacts violently with many media. Alloying is an effective way of improving 
Mg’s physical and chemical performance. Generally speaking, an Mg alloy 
has significantly improved mechanical properties compared with pure Mg, 
and its mechanical performance, in most cases, can be further improved 
through proper heat treatment. 

In addition to their low density and high strength to weight ratio, Mg 
alloys have many unique physical and chemical properties such as impressive 
damping, superb castability, good thermal conductivity, excellent electrical 
shielding effect, low heat capacity, negative electrode potential, zero 
magnetization, outstanding recyclability, excellent biocompatibility and 
non-toxicity to human body and environment. These properties have been 
attracting considerable research interest, and some of them have made Mg 
alloys irreplaceable in many applications. The first historically practical 
application of Mg could have been in fireworks. However, the largest use 
of Mg so far is for alloying aluminum. In the metallurgical industry, Mg 
can be used to remove sulfur during cast iron production and as a reducing 
reagent in the production of titanium. Mg is even an important additive for 
production of some organics in the chemical industry. It used to be an anode 
material in non-rechargeable batteries because of its negative potential and 
high energy density in aqueous electrolytes. 

In practice, Mg alloys are much more popular than pure Mg in industrial 
applications. One of the well-known uses of Mg alloys is for cathodic 
protection, and some Mg alloys are used as sacrificial anodes due to their 
negative potential. Although their rapid rate of corrosion is a disadvantage, 
Mg alloys are superior to aluminum and zinc anodes in some environments 
such as in soil and water. The most important application of Mg alloys is for 
aerospace and military purposes, and some high-strength and creep-resistant 
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rare earth-containing Mg alloys are critical materials in these industries. 
These applications normally require high corrosion resistance, which is 
still a big challenge for Mg alloys today. The electronics industry is a new 
emerging market for Mg alloys. Their low density, excellent castability, 
desirable damping performance, satisfactory thermal conductivity, great 
electrical shielding effect and good recyclability, as well as non-magnetism 
and non-toxicity, allow Mg alloys to replace plastic cases for many electronic 
devices. 

However, the main driving force for the development of Mg alloys since 
the 1990s is the automotive industry. Although Mg alloys have been used in 
this industry for about 80 years, the drive to increase use of Mg alloy parts 
in vehicles in order to improve fuel economy has never been so strong. Mg 
alloys stand out as a promising alternative to Al alloys and steels. However, 
since the service environment of automotive components is very complex, 
the corrosion protection of Mg alloys is commonly recognized as a critical 
issue in this industry. 

Mg alloys may also have great potential in the energy industry, particularly 
in the manufacture of batteries. As an example, the Mg/non-aqueous electrolyte 
battery is believed to be a future complement to the lithium (Li)-ion battery 
due to its favorable cost, energy density, safety and recyclability. It may fill 
the gap between the high-tech Li-ion battery and some low-tech rechargeable 
battery systems. A challenge in this area is how to avoid the passivity of 
the Mg anode, which is also an interesting topic in Mg corrosion science. 
Another example is the use of Mg alloys as hydrogen storage materials. In 
theory, Mg can store about 7.6 wt% of hydrogen. Alloying is a possible 
approach to lower the dehydrogenation temperature to improve the feasibility 
of hydrogen storage. Although many Mg alloy systems, such as the Mg,X 
series alloys, have been investigated intensively for this purpose, no practical 
solution has been found to the slow dehydrogenation problem. 

Another potential application of Mg alloys is in the medical field 
where Mg alloys may be used as a biodegradable implant material. The 
biocompatibility of Mg was first known in the early twentieth century. 
However, the intrinsic rapid corrosion and hydrogen evolution phenomena 
associated with Mg forced researchers to give up the first clinical trials. 
Recently, a greater understanding of corrosion mechanisms and development 
of innovative corrosion protection techniques are reviving the research 
interest in biodegradable Mg alloys. 

Despite its great potential, Mg alloys have some limitations that cannot 
be overlooked. Some of the applications listed above have clearly revealed 
that corrosion is a critical issue due to the high chemical reactivity of base 
Mg, which can frequently be a “show stopper’ for their applications when 
exposed to the environment. The importance of the corrosion performance of 
any Mg alloy cannot, therefore, be overemphasized. A critical understanding 
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of the corrosion mechanisms involved is needed and robust cost-effective 
solutions for its prevention are required. 

Sustained efforts to combat the corrosion problems associated with Mg 
alloys have become prominent only in the past two decades. Increasing 
resources have been directed into the investigation of corrosion mechanisms 
and to the development of protection techniques for Mg alloys. These efforts 
are clearly shown in the large number of recent publications, proposals 
and theories in the public domain discussing Mg corrosion science and 
protection engineering. New Mg alloys and applications are emerging as a 
result of these sustained efforts. As much of this knowledge is disseminated 
in various journals, symposia and forums, it is important that a systematic 
understanding of the corrosion behavior of Mg alloys and protection techniques 
be synthesized and consolidated, which will provide the necessary insight 
to guide technologists for the further applications of Mg alloys. 

This book is a compilation of comprehensive overviews of recent research 
by distinguished experts in the field of Mg corrosion and protection research. 
The book consists of four linked parts covering the main themes in the 
study of corrosion and protection of Mg alloys: Part I Fundamentals, Part II 
Metallurgical effects, Part HI Environmental influences and Part IV Corrosion 
protection. Each part has several related chapters focusing on the important 
topics in its chosen area. 

Part I provides a foundation for understanding the corrosion performance 
of Mg alloys in service environments. Since corrosion is essentially an 
electrochemical reaction, the electrochemistry of Mg is key to understanding Mg 
alloy corrosion mechanisms. Correspondingly, by analyzing electrochemical 
activity and passivity, various corrosion behaviors of Mg and its alloys in 
different environments can be clearly revealed. 

Since the corrosion performance of a metal is determined primarily 
by its chemical composition and microstructure, an understanding of the 
metallurgical effects on corrosion is critically essential. Part II considers 
the role of typical microstructures and alloying elements of Mg alloys in 
corrosion. Metallic glass Mg alloys and some other innovative magnesium 
alloys are also discussed for their interesting atypical compositions or 
microstructures. This part provides an extension and development of the 
fundamentals presented in Part I. 

As corrosion is a surface degradation process resulting from the interaction 
between a metal and its environment, it can be significantly influenced by 
environmental conditions. Part III, therefore, describes the corrosion behavior 
of Mg alloys in various natural and service environments. In addition to more 
familiar environmental conditions, there are special media such as moist air 
and coolants which are likely to be the service environments in industrial 
applications. Environmental media also include body fluids (or simulated 
body fluids) and ionic liquids. Mg biocompatibility has now become one of 
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the most interesting research areas. The non-aqueous Mg battery is also being 
actively studied and developed. A summary of pioneering work in these areas 
will make researchers aware of relevant corrosion results and may be helpful 
to transplanting new ideas and advances across other areas in the field of 
Mg corrosion and protection. Moreover, applied stress and other metals in 
contact with Mg alloys can also be included in the environmental factors that 
have a significant influence on the corrosion of Mg alloys. Therefore, Part 
Il covers atmospheric corrosion, coolant-induced corrosion, biodegradation, 
non-aqueous electrochemical dissolution, stress corrosion cracking, fatigue 
corrosion and galvanic corrosion. The understanding gained from this part 
is closely associated with industrial applications and also supplements the 
information presented in Part I. 

Finally, Part IV focuses on the techniques for protecting Mg alloys from 
corrosion attack. This is an area rapidly gaining attention from corrosion 
scientists and engineers. Three typical surface treatment and coating techniques 
are selectively presented in this part: 


1. Al electro-deposition, 
2. conversion and electrophoretic coatings, and 
3. anodization. 


They are representative of numerous research publications in this area. The 
key message delivered in this part is that preventing Mg alloys from corrosion 
in a cost-effective manner is a challenging task. 

In summary, the systematic presentation of recent research by distinguished 
experts in this book is not simply a comprehensive review or overview on 
progress in the field of corrosion and protection of Mg alloys. It also provides 
a further development in knowledge about Mg and its alloys in general. 
It is the editor’s intention that the contents of this book will be useful to 
all researchers who are interested in corrosion science and engineering 
of Mg alloys. It will be a great reward for the editor and all the chapter 
contributors if this book can serve as an informative resource for corrosion 
scientists, metallurgists, engineers and designers working in industry, or for 
professional researchers and students studying in universities and research 
organizations. 
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Corrosion electrochemistry of magnesium 
(Mg) and its alloys 


G.-L. SONG, General Motors Corporation, USA 


Abstract: Magnesium (Mg) alloys are light, structural and functional 
engineering materials with a high strength to weight ratio which are 
increasingly being used in the automotive, aerospace, and electronic and 
energy industries. However, magnesium is chemically active with an 
electrochemistry differing from most conventional engineering metals. 

This chapter presents electrochemical reactions and corrosion processes of 
Mg and its alloys. First, an analysis of the thermodynamics of magnesium 
and possible electrochemical reactions associated with Mg are presented. 
After that an illustration of the nature of surface films formed on Mg and 

its alloys follows. To comprehensively understand the corrosion of Mg 

and its alloys, the anodic and cathodic processes are analyzed separately. 
Having understood the electrochemistry of Mg and its alloys, the corrosion 
characteristics and behavior of Mg and its alloys are discussed, including: 
self-corrosion reaction, hydrogen evolution, the alkalization effect, corrosion 
potential, macro-galvanic corrosion, the micro-galvanic effect, impurity 
tolerance, influence of the chemical composition of the matrix phase, role of 
the secondary and other phases, localized corrosion and overall corrosivity 
of alloys. 


Key words: Magnesium (Mg), corrosion, electrochemistry. 


1.1 Introduction 


Magnesium (Mg) and its alloys have many outstanding properties relative 
to other engineering materials such as: low density, high strength, great 
damping capability, excellent fluidity for casting, good electric shielding 
effect, non-magnetic, satisfactory heat conductivity, low heat capacity, negative 
electrochemical potential, acceptable recyclability and non-toxicity. These 
properties make Mg and its alloys attractive to many industries. Particularly 
in the automotive and aerospace industries, where the strength/weight ratio 
is a critical issue, Mg alloys have been regarded as a promising alternative 
to aluminum alloys (Aghion and Bronfin, 2000; Makar and Kruger, 1993; 
Song, 2005b, 2006; Song and Atrens, 2000; Song et al., 2005c) and have 
already found many applications (Aghion and Bronfin, 2000; Polmear, 1996). 
It is anticipated that a much wider application in the automotive, aerospace 
and electronic industries will be seen in the twenty-first century. 

Currently, however, more ambitious Mg alloy applications in the automotive, 
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aerospace and electronic industries are still unrealistic because of the poor 
corrosion resistance of the existing Mg alloys (Aghion and Bronfin, 2000; 
Bettles et al., 2003a,b). Before effective solutions to the corrosion problems 
of Mg alloys become available, a further expansion of Mg alloy applications 
appears to be unlikely. To date, a large number of studies have been carried 
out to address corrosion issues and to improve the corrosion performance 
of Mg alloys (Blawert et al., 2006; Hawkin, 1993; Hills, 1995; Gray and 
Luan, 2002; Jia et al., 2003a; Liu et al., 2008, 2009a; Nakatsugawa, 1996; 
Polmear, 1981; Shi et al., 2003b, 2006a,b; Skar and Albright, 2002; Shreir, 
1965; Song, 2004a,b, 2005a,b, 2006, 2008a, 2009d; Song and Atrens, 1999, 
2003, 2005, 2007; Song and Shi, 2006; Song and Song, 2006a,b,c; Song and 
StJohn, 2002, 2004, 2005a,b; Song ef al., 1999, 2000, 2003, 2004a,c, 2005b,c, 
2006b,c, 2007, 2010; Tawil, 1987; Wan et al., 2006; Wang et al., 2007; 
Zhao et al., 2008b; Zhu and Song, 2006; Zhu et al., 2005). The published 
results have clearly suggested that the corrosion of Mg is quite special in 
terms of its electrochemical behavior. In nature, the corrosion of Mg and 
its alloys is an electrochemical process and their corrosion performance or 
characteristics can be ultimately attributed to their electrochemical behavior. 
Therefore, revealing the electrochemical reactions involved in the corrosion 
process can provide a theoretical basis for understanding the characteristic 
corrosion phenomena for Mg and its alloys. 

This chapter systematically summarizes the electrochemical characteristics 
and relevant corrosion behaviors of Mg and its alloys, in order to better 
understand their corrosion performance. 


1.2 Thermodynamics 


The thermodynamics of pure Mg is a foundation for understanding the 
electrochemical corrosion of Mg and its alloys. The stability of Mg in various 
environments can also provide clues for estimating the corrosion performance 
of Mg alloys in typical environments which is helpful towards understanding 
the thermodynamic behavior of Mg alloys. This section briefly touches upon 
the thermodynamics of pure Mg. 


1.2.1. Thermodynamic tendency 


Thermodynamically, Mg is very active. The standard Gibbs free energy changes 
( G°) for the following Mg oxidation reactions are quite negative (Ott and 
Boerio-Goates, 2000; Perrault, 1978; Wall, 1965; Weast, 1976-1977). 


Mg + O) + H> = Mg(OH), G° = -833 kJ/mol Li 
Mg + '/, O) = MgO G° = -569 kJ/mol 1,2 
Mg + 2H,O0 = Mg(OH), + H> G° = -359 kJ/mol 1.3 
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This means that Mg in natural environments has a great tendency to 
spontaneously transform into its oxidized states. Therefore, when Mg is 
exposed to environments containing oxygen or water, its surface always 
tends to be rapidly oxidized, thereby forming an oxide or hydroxide surface 
film (Alves et al., 2000; Nordlien et al., 1997). 

The fact that Mg in an oxidized state is more stable than in its metallic state 
is also supported by the thermodynamic data of Mg compounds and species 
listed in Table 1.1. Corrosion is an oxidation process where various oxidized 
Mg species and compounds can be generated depending on the exposure 
media. The corrosion of Mg according to the tabulated data is a spontaneous 
process and thus Mg in most practical environments is thermodynamically 
unstable, as Mg in its oxidized states Mg**, MgO or Mg(OH), has a much 
more negative chemical potential. The more negative chemical potential of 
Mg(OH), than that of Mg”* or MgO also suggests that in a solution Mg(OH)) 
is a more stable corrosion product than Mg”* or MgO. Table 1.1 also indicates 
that the MgH) free energy of formation is negative, signifying that MgH, in 
Mg is stable at ambient conditions if water is not present. This implies that 
the release of hydrogen is a hurdle in the application of Mg as a hydrogen 
storage material for the power industry. 


1.2.2 Stability in aqueous environments 


Mg is thermodynamically unstable and can corrode in pure water (Avedesian 
and Baker, 1999; Perrault, 1978; Song 2005b). The thermodynamic data 
(referring to Table 1.1) suggest that Mg will ultimately oxidize into Mg(OH), 
and while doing so give off hydrogen gas according to Equation (1.3). In fact, 
water is critical to the corrosion of Mg as it is an essential environmental 
element for the electrochemical reactions (Song 2005b, 2006). 

The stability of Mg in water can be theoretically predicted by an E-pH 
diagram. There are many possible reactions occurring to Mg in water and 
as such, various formats of E—-pH diagrams have been presented based on 


Table 1.1 Chemical potential of Mg and its compounds in various states 
at 25°C (Perrault, 1974, 1978) 


Species Oxidation state State Ho (kcal/mol) 
Mg 0 Solid 0 
Mg* +1 lon -61 
Mg?* +2 lon -109 
Mg(OH), +2 Solid -199 
MgH -1 Gas +34 
MgH, -2 Solid -8 
MgO +2 Solid -136 


Note: the more negative a species is, the more stable it is. 
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different considerations of reaction possibilities (Avedesian and Baker, 1999; 
Pourbaix, 1974). However, taking only the most probable substances into 
account, the stability of Mg in an aqueous solution can be summarized in 
one E—pH diagram (see Fig. 1.1) which is a combination of those published 
Pourbaix and E—pH diagrams (Avedesian and Baker, 1999; Perrault, 1978); 
Pourbaix, 1974). In this diagram, some relatively unstable and intermediate 
substances are excluded, such as H\, MgOH, MgH. This simplification 
leads to a very large corrosion domain, a narrow negative potential region 
of immunity (much more negative than its equilibrium potential) and a 
possible high alkaline (pH > 10.5) passive range. The diagram (Fig. 1.1) 
clearly shows that Mg in most E—pH regions tends to be oxidized into ions, 
oxides or hydroxides. Only in region ‘Mg, MgH,, H,’ is Mg relatively stable, 
although it has a tendency to be reduced into MgH). This forms a theoretical 


MgO 
Mg?* 
> ——— Mg(OH), ||| 9 
= 
a | 
o Mg**, Hp 
a 
iia H, = 
a i: Mg(OH) 
Ww Y 
Mg**, MgHy, Hz 
Mg(OH). 
-24 MgH2, H2\\—-2 
Mg*, Mg**, MgH, H2 


1.17 E-pH diagram with possible stable substances in a Mg—H,O 
electrochemical system (data source: Avedesian and Baker, 1999; 
Perrault, 1978; Song, 2005b, 2006). 
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basis for cathodic protection of Mg alloys (Song, 2005a,b, 2006; Song et 
al., 1997b). Under a natural condition metallic Mg in theory is not stable 
in an aqueous environment. Figure 1.1 also shows that Mg(OH), is stable 
at a high pH value, thus there is a possibility that Mg becomes passive in 
a very basic solution. Unfortunately, most common environments are not 
sufficiently alkaline for Mg self-passivate. 

It should be noted that the E-pH diagram can only predict the thermodynamic 
stability or tendency for corrosion of Mg in water. It has nothing to do with 
its kinetic processes, detailed reaction steps or intermediate substances. 
Unfortunately, the corrosion behavior of Mg is determined to a greater extent 
by its kinetics. Moreover, the E-pH diagram provides an overall chemical 
stability of substances, assuming all the substances (or phases) are uniform. 
This is not true in a practical Mg corrosion system. For example, the local 
pH value of the solution adjacent to Mg surface can be very different from 
that in the bulk solution (Nazarrov and Mikhailovskii, 1990; Song, 2006). 
Furthermore, this E-pH diagram does not contain any information on the 
effect of chemical composition of solution on corrosion process. For example, 
it cannot tell us the different corrosion rates of Mg in two aqueous solutions 
having the same pH value but with different NaCl contents. 

In practice it is quite rare for Mg to be exposed to pure water at a 
potential more negative than its equilibrium potential. It is more often that 
the environment is not sufficiently alkaline and the natural open-circuit 
potential of Mg is much more positive than its equilibrium potential. Under 
these conditions Mg usually falls within the corrosion region in the E-pH 
diagram. Furthermore, in the passive region, if the aggressive species is 
present in the solution, Mg will not be passivated even though it is indicated 
so according to the E-pH diagram. For example, in an NaCl containing 
solution Mg does not exhibit passivity at a pH value as high as 13 (Song et 
al., 1997a). 


1.2.3. Critical electrochemical and chemical reactions 


In an aqueous solution, many reactions may occur to Mg. The following are 
a few which may critically impact the corrosion of Mg (all the potentials if 
not specified in this chapter are relative to the standard hydrogen electrode 
(NHE)) (Perrault, 1974): 


Mg = Mg** +27 E° = -2.363V 1.4 
Mg + 20H” = Mg(OH), + 2e7 E° = -2.689V 1.5 
Mg = Mg* +e BP =-2,659V 1.6 
Mg + OH’ = MgOH + & FE? = -3.140V 7 
Mg* = Mg** + e& FE = -2.067V 1.8 
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Mg* + 20H” = Mg(OH), + e- P= 27027 1.9 
Mg* + 2H,O = Mg(OH), + 2H*+ +e ~E° =-1.065V 1.10 
MgOH + OH- = Mg(OH), + & BP S2240V 1.11 
MgH) = Mg”* + 2H* + 4e7 Ba-1414y 112 
MgH, = Mg* + H) + & FE = -2.304V 1.13 
MgH, = Mg* + 2H* + 3e7 E° =-0.768V 1.14 
MgH, = Mg”* + Hy + 2e7 Eo = -2.186V 1.15 
MgH, + 20H- = Mg(OH), + 2H* + 4e> E® = -1.256V 1.16 
MgH, + 20H” = Mg(OH),+ H,+2e E° =-2.512V 1.17 
MgH, + OH~ = MgOH + 2H*+ + 3e” =E° = -0.928 V 1.18 
Mg + 2H* + 2e = MgH, F2=+0.177V 1.19 
Mg + 2H,O + 2e = MgH,+ 20H £°=+0.177V 1.20 
Mg** + 20H” = Mg(OH), Ig[Mg?*] = 16.95-2pH 1.21 
Mg + H,= MgH, AG = -8.17kcal/mol 1.22 
MgH, + 2H* = Mg”* + 2H, AG = -92.42 kcal/mol 1.23 
MgH, + 2H,0 = Mg(OH), + 2H» AG = —296.074 kcal/mol 1.24 


Most of the electrochemical reactions have a negative standard equilibrium 
potential, suggesting that they can be an anodic process relative to an 
electrochemical hydrogen process in the corrosion of Mg. The relatively 
positive standard equilibrium potentials of reactions (1.19) and (1.20) imply 
that they can be a cathodic process in the corrosion of Mg. Moreover, 
reaction (1.22) indicates that MgH, may be formed if Mg is exposed to a 
hydrogen environment. However, if the environment contains proton (H*) 
or moisture (H,O), the hydrogen-stored Mg will become unstable and Mg 
may be dissolved according to reactions (1.23) and (1.24). 

In an aqueous environment, water itself has the following reactions that 
can contribute to the corrosion of Mg: 


H, = 2H* + 2e7 FE =0V 1.25 
H, + 20H” = 2H30 + 2e7 E® = -0.826V 1.26 


These two reactions can be cathodic processes coupling with the anodic 
dissolution of Mg. 

In summary, the above 26 reactions may play an important role in the 
corrosion of Mg, some can be directly responsible for the corrosion damage, 
and some may even critically affect the corrosion process. 
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In practice there are many factors that can affect the above reactions and 
thus also influence the corrosion of Mg. For example, the presence of oxygen 
in water can lead to greater or less oxygen reduction on Mg which may have 
some influence on the cathodic and anodic polarization behaviors of Mg, 
particularly in atmospheric environment or under good aeration conditions 
where the supply of oxygen is sufficient (Ferrando, 1989; Makar and Kruger, 
1990). However, the influence of oxygen is not critical (Froats et al., 1987; 
Song, 2006). 


1.3 Surface film 


A surface film can, thermodynamically, and kinetically, be formed on an 
electrode surface. If a metal can spontaneously transform into its oxides or 
hydroxides, then in a natural environment the metal surface is usually covered 
by an oxide or hydroxide film. The surface film can also be an intermediate 
product existing on the metal surface, as long as the growth rate of the film 
is kinetically equal to or greater than its dissolution rate (Song ef al., 1994, 
2005a). Mg and its alloys tend to be dissolved and oxidized in most practical 
environments. Subsequent corrosion products can deposit and form a surface 
film on its surface. Even under a condition (for example, pH~7) where a stable 
film does not seem to exist according to the E—pH diagram, there are some 
mechanisms leading to a kinetically stable surface film. For example, due to 
the dissolution of Mg and hydrogen evolution, the Mg surface becomes more 
alkaline than the bulk solution and this can result in deposition of Mg(OH), 
on the surface (Nazarrov and Mikhailovskii, 1990; Song, 2006). A surface 
film on Mg or its alloy may not be really protective, but it can significantly 
influence all the reactions on the surface. To better illustrate the cathodic 
and anodic electrochemical reactions involved in the corrosion of Mg and 
its alloys, it is important to understand the surface film. 


1.3.1. Composition and microstructure 


A surface film on Mg or its alloys can vary in composition and microstructure 
depending upon the metallic substrate, environment and formation conditions. 
To date, the naturally formed surface film on pure Mg is not yet well 
understood. 

From a thermodynamic point of view, the surface film should be composed 
of Mg(OH), and MgO. Mg(OH), is the main constituent of the surface film as 
itis more stable than MgO in an aqueous solution, whereas in dry atmospheric 
conditions MgO is the main composition. If water vapor is present in air, a 
more stable hydrated oxide (containing hydroxy! or hydroxide species) will 
be formed on Mg (Alves et al., 2001; Fuggle et al., 1975; Peng and Barteau, 
1990). As most atmospheric environments contain some moisture, the surface 
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films of Mg formed in natural atmospheric environments often contain both 
MgO and Mg(OH)>. That is why Mg(OH), can often be detected in a surface 
film formed in air (Splinter, 1993, 1994). After Mg is immersed in an aqueous 
solution, even if its original surface film is formed in very dry air, it will 
rapidly turn into Mg(OH), to a great degree (Bradford ef al., 1976). 

The composition and structure of a surface film can be significantly 
influenced by its formation process and the environment. In dry air, the MgO 
surface film is relatively thin but compact with some amorphous characteristics, 
allowing water to penetrate into the film and for the formation of an additional 
amorphous hydrated layer. The carbon dioxide in air can then combine with 
moisture to form a carbonate that further reacts with Mg(OH), to produce 
Mg carbonate. The adsorption of atmospheric CO, can also occur directly 
during atmospheric corrosion of Mg (Baliga and Tsakiospolous, 1992; Froats 
et al., 1987). Therefore, it is quite common that MgCO; is detected within 
the surface film (Fournier et al., 2002). A practical surface may be a mixture 
of MgCO3:3H,0, MgCO35H2,0 and MgCO3-Mg(OH),°9H20, apart from 
the main composition of MgO and Mg(OH))p. Industrial pollutants, such as 
SO,, can also react with Mg(OH), and generate a S-containing film on the 
Mg surface, such as MgCO3°6H,O and MgSO,-6H,0. 

After a Mg specimen is immersed into a solution, the original surface 
film will react with water and the outer layer of the surface film will become 
mainly Mg(OH),. Chlorides present in the solution can be combined into 
the film, resulting in the formation of 5Mg(OH).-MgCl,, MgCl,-6H,O, or 
Mg3(OH);CI-4H,0. If carbon oxide is dissolved in the solution, the surface 
film could change into Mg(OH)HCO3. For a fluoride-containing solution, 
the surface film will be mainly MgF, which is insoluble in HF acids and 
can provide some corrosion protection for Mg. 

When the Mg substrate contains trace or alloying elements, their oxides 
or hydroxides will more or less become the constituents of the surface film 
(Song ef al., 1998). For example, Mg and Al hydroxides have been reported 
to be two of the main components of the surface film on AZ91D formed 
in an aqueous solution (Chen et al., 2008). MgsAl,(OH),6CO34H,O can 
be found on AZ31B. Various ions have unique affinities for oxygen and 
hydroxyls and different mobility within the surface film. This can lead to a 
variation in the ratio for a specific ion in the surface film as compared to the 
substrate. Mg typically has much stronger affinity for oxygen and hydroxide 
than do its alloying elements, such as Al, Zn, Mn and Zr. Thus, the main 
constituents of the surface film formed on a Mg alloy in air are Mg oxides 
and hydroxides. Recent research results (Liu ef al., 2009b) indicate that 
the surface films on some Mg-—Al intermetallics have a lower Al/Mg ratio 
in the films than in the intermetallic substrate. A possible reason could be 
the stronger affinity of Mg to O and hydroxide as compared to aluminum’s 
affinity. 
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In some cases, the solubility of the oxides and hydroxides derived from 
Mg and/or its alloying elements in an aqueous solution can also affect the 
composition of the surface film. The lower solubility of Al oxides and 
hydroxides compared with Mg oxides and hydroxides should contribute to 
the Al/Mg ratios within the film, too. 

Generally speaking, the surface film formed in the air is relatively thin. 
However, the surface film can grow with time. It has been reported that the 
thickness of a film on Mg in air in the first 10 seconds is only about 2nm 
(McIntyre and Chen, 1998). However, extended exposure in humid air or 
water can result in a surface film thickness of 100-150 nm (Nordlien et al., 
1995). 

It is also believed that the microstructure of a surface film is more 
complicated than a simple layer. One concept is that the surface film on 
Mg consists of multi-layers. A schematic diagram illustrating a multi-layer 
structure of surface film on Mg has been proposed based on transmission 
electron microscopy (TEM) observations (Nordlien et al., 1995). For example, 
a platelet-like morphology has been suggested for the surface film on Mg 
in water (Vermilyea and Kirk, 1969). It is postulated that a very thin and 
compact MgO may be present next to the Mg substrate and that the relatively 
thick and non-compact (porous) outer layer is mainly Mg(OH))p. 

There are relatively few studies on the effect of alloying elements on the 
microstructure of a surface film. One such study (Nordlien et al., 1995, 1997) 
reports that when the Al content in the Mg substrate is greater than 4%, the 
Al concentration can reach up to 35 wt% in the inner layer of an air-formed 
surface film. In fact, after the Al content exceeds a threshold concentration 
in the Mg alloy substrate, a continuous Al,O3 skeletal amorphous structure 
may be formed in the surface film as a film matrix. It has also been proposed 
that the surface film on an Al-containing Mg alloy has an inner layer rich 
in Al oxides and outer layer rich in Mg oxides and hydroxides (Nordlien et 
al., 1995, 1997). 


1.3.2 Stability and protectiveness 


Since metallic Mg has a propensity to form an oxide or hydroxide surface 
film as does metallic Al, an interesting question to investigate is then, ‘Why 
isn’t Mg as corrosion resistant as Al?’ 

A straightforward answer is that the Mg surface film is not as protective as 
the Al film, although the films on Mg and Al have a similar microstructural 
model with a compact inner layer and a non-compact (porous) outer layer. 
However, in further explaining the differences between the protection provided 
by the surface films on Al and Mg, a misleading mechanism is sometimes 
postulated by many researchers purely based on the volume ratio (the 
Pilling—Bedworth ratio) of metal oxide to metal. The Pilling—Bedworth ratio 


© Woodhead Publishing Limited, 2011 


12 Corrosion of magnesium alloys 


of MgO/Mg is smaller than 1 (0.81; Pilling and Bedworth, 1923), whereas 
the ratio of Al,O3/(2Al) is greater than | (1.28, refer to Table 1.2). In that 
explanation the MgO film is believed to be relatively porous compared with 
Al,O3 and it does not fully cover the substrate surface to offer sufficient 
protection for Mg alloys. 

The above explanation based on the Pilling—Bedworth ratio reasonably 
interprets the oxidation performance of Mg. In dry air at ambient or low 
temperatures the MgO film is thin and sufficiently ductile to fully cover the 
Mg surface and thereby offers limited protection for Mg (Alves et al., 2001). 
However, when the film grows too thick at a high temperature, it will crack 
due to the small Pilling—Bedworth ratio and become non-protective (Alves 
et al., 2001; Gulbransen, 1954; Song, 2005b). 

In an aqueous solution the Pilling—Bedworth ratio obviously does not 
explain the corrosion behavior of Mg. Previously, it has been suggested 
that the surface film on Mg in an aqueous solution is mainly Mg(OH), The 
Pilling—Bedworth ratio of Mg(OH), to Mg is actually greater than 1 (which 
can be estimated from Table 1.2). Thus, there must be another reason for 
the poor protection of the surface film on Mg. 

In an aqueous solution, Mg(OH), is more difficult to dissolve than MgO, 
but it is still theoretically unstable in an acidic, neutral or weak alkaline 
aqueous solution according to the E—pH diagram. Even if there is such a film 
on Mg, it cannot be thick or compact and, thus, offers only a limited level of 
protection for Mg. For the case of an Al substrate, its surface film consists of 
Al,03, Al(OH); or a combination thereof which is electrochemically stable 
from weak acidic to weak alkaline. As a result, it can exist as a stable form 
on an Al surface and offer good corrosion protection for Al in many aqueous 
solutions. Therefore, the different thermodynamic stabilities of the surface 
films on Mg and Al in a natural aqueous solution should be the main reason 
for their different corrosion resistances. 

Furthermore, it has been reported that the presence of chlorides in solution 
can dramatically accelerate the corrosion of Mg (Song and Song, 2006b). Table 
1.3 lists the solubilities of Mg(OH), in select solutions and from this it can be 
seen that the solubilities of Mg(OH), in KOH and KC] are not significantly 
different. This means that the thermodynamic stability or solubility of the 
surface film on Mg alone cannot sufficiently account for its poor corrosion 
performance in an alkaline solution. The kinetic process of film formation 


Table 1.2 Mole volumes of Mg, Al and their oxides and hydroxides 


Mg MgO Mg(OH), Al Al,03;  AIOH)s 


Mole weight (g/mole) 24.4 40.4 58.4 27 102 78 
Density (g/cm?) 1.74 3.58 2.4 2.7 3.97 2.4 


Mole volume (cm?/mole) 14.02 11.28 24.33 10 25.69 32.50 


© Woodhead Publishing Limited, 2011 


Corrosion electrochemistry of magnesium (Mg) and its alloys 13 


Table 1.3 Solubility of Mg(OH), in various media (Perrault, 
1978; Weast, 1976-1977) 


Media Solubility (mol/L) 
Cold water 0.000225 

Hot water 0.001 

10-3 mol/L KOH 0.00022 

1Imol/L KCl 0.00033 

1Imol/L KBr 0.00029 

1Imol/L KI 0.00032 
0.05mol/L K,SO, 0.0009 


and dissolution should be taken into account. For example, steel in some 
acidic solutions is not thermodynamically stable, but a chemically unstable 
surface film in the solution can actually be formed (Song et al., 2005a), 
because the growth rate of the passive film is faster than its dissolution rate 
in the solution. The absolution rates of the film growth and dissolution are 
very low. Thereby, the presence of a film can effectively passivate steel. 
The passivating mechanism is also applicable to Al. On Mg, Mg(OH), film 
can to some extent stay on the Mg surface due to the surface alkalization 
effect (this will be discussed later). As discussed earlier, the formation of a 
surface film on Mg to a great degree depends on the surface alkalization. In 
nature a kinetic process of OH” diffusion in solution adjacent to the surface 
is relatively fast. Therefore, the presence of the film which accompanies a 
fast anodic dissolution process in solution can significantly accelerate the 
dissolution kinetics of the film, leading to a much higher corrosion rate of 
Mg. In other words, the protectiveness of the surface film on Mg is a function 
of the detailed kinetics of the film in a solution. 

In reality, there are always some oxides already formed on a Mg surface 
in air. After immersion into an aqueous solution, the MgO formed in air 
will transform into a film consisting mainly of Mg(OH),. There may be 
two possible approaches for the air formed MgO film being replaced by 
Mg(OH),: (1) hydration of Mg directly and (2) dissolution of MgO and 
deposition of Mg(OH),. In the first approach, MgO is hydrated immediately 
after immersion in a process whereby the cubic MgO lattice is converted into 
hexagonal Mg(OH), which has a volume twice that of MgO. It is believed 
that the volume expansion from MgO to Mg(OH), can lead to a disruption 
of the surface film (Shaw, 2003; Xia et al., 2003; Yao et al., 2000) and may 
explain the porous microstructure of the Mg(OH), layer in the surface film. In 
the second approach, not only the MgO, but also the metallic Mg substrate, 
can be dissolved resulting in the deposition of Mg(OH), on the Mg surface 
because of the lower solubility of Mg(OH), in solution (see Table 1.3). 
The deposited Mg(OH), is normally quite loose and cannot offer significant 
protection for the Mg substrate. Therefore, even if an inner MgO layer exists 
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within the surface film in an aqueous solution, it will become discontinuous 
and in some areas converted or dissolved into porous Mg(OH), (see Fig. 
1.2). These areas are defect sites ideally suited to initiate the corrosion of 
Mg. 

After a surface film breaks down and corrosion is initiated in a specific 
area, it is relatively difficult to have the surface film repair itself. Although 
the dissolved Mg”* can react with OH™ and form Mg(OH), deposited on 
the Mg surface, the loosely deposited Mg(OH), film does not necessarily 
deposit onto the broken areas. Simultaneously, the hydrogen bubbles being 
generated from the corroding areas (hydrogen evolution from corroding 
areas will be discussed in a later section) can stir the deposited Mg(OH), 
and prevent the corroding areas from being fully covered by the deposited 
Mg(OH),. Therefore, the deposition or formation rate of Mg(OH), film in 
general cannot be greater than that of the dissolution of Mg(OH),, and thus 
the corrosion cannot be easily self-inhibited. 

The presence of specific ions in the solution can significantly influence the 
dissolution kinetics of a surface film. As discussed earlier, chloride is a very 
detrimental ion. If some passivating reagents, such as chromates and fluorides, 
are contained in a solution the reagents can react with Mg to form a very 
thin, compact, nearly insoluble, chromate or fluoride-containing surface film. 
This film can effectively protect Mg from corrosion attack (Song, 2005b). 
The beneficial ions also include dichromate, molybdate, nitrate, phosphates, 
metal-phosphate, vanadates, tartrate and, oxalate (Ghali, 2006; Schmutz and 
Guillaumin, 2003). 

Mg alloying elements can be to a greater or lesser extent incorporated 
into the surface film and thereby modify the composition and structure and 
affect the stability and dissolution kinetics of the surface film. It is postulated 
(Nordlien et al., 1995, 1997) that the surface film on a Mg—Al alloy is rich 
in Al,O3 and when the Al,O3 content in the film has attained a sufficiently 
elevated level, the film itself becomes an Al,O3 matrix. This matrix is 
dominated by an amorphous microstructure and the oxidation of the film 
becomes determined predominantly by Al,O3 which has superior corrosion 


Mg(OH), layer 


Bt Prk : MgO 


Mg 


1.2 Schematic diagram of possible Mg surface film microstructure. 
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protection properties compared with MgO or Mg(OH),. More importantly, this 
species in the film can increase the activation energy for Mg transportation 
through the film and hence significantly improve the corrosion resistance of 
the film. 

The presence of a film on Mg and its alloys has a direct effect on the 
anodic electrochemical processes. This will be discussed in the following 
two sections. 


1.4 Anodic process 


The anodic process of Mg is complicated and exhibits some ‘special’ 
behaviors. This is due to not only the presence of surface film, but also the 
unique electrochemistry of Mg. 


1.4.1 Negative difference effect (NDE) 


The difference effect is defined as the difference, , between the hydrogen 
evolution rate at the open-circuit potential, 7, (polarization current density 
is zero), and the hydrogen evolution rate, Jy, at a given anodic polarization 
potential (or current density), such that: 


Sig =I, 127 


When <0, the phenomenon is termed the negative difference effect 
(NDE). 

For most metals, such as iron, copper and nickel, an anodic increase 
in applied potential can cause an increased anodic dissolution rate and 
simultaneously a decreased cathodic hydrogen evolution rate. This is a result 
of the anodic reaction being accelerated and the cathodic reaction decelerated 
when the polarization potential becomes more positive. 

However, for Mg the hydrogen evolution rate actually increases when 
the polarization potential or current density becomes more positive in the 
anodic region (James et al., 1963, 1964; Straumanis 1958; Straumanis and 
Bhatia, 1963). Figure 1.3 shows the hydrogen evolution of Mg and Mg 
alloys in corrosive solutions. The hydrogen evolution rates of Mg and its 
alloys under anodic polarization conditions all increase dramatically as the 
anodic polarization current density increases. In fact, the NDE is a common 
phenomenon for Mg alloys (Song, 2005b, 2006; Song et al., 1997a,b, 
1998, 2004a). The basic feature of the NDE phenomenon, i.e. the hydrogen 
evolution rate (HER) increasing as polarization potential or current density 
becoming more positive, is an unusual anodic phenomenon that Mg and its 
alloys typically exhibit. 

If the onset of an increasing hydrogen evolution with increasing potential 
on the polarization curves as shown in Fig. 1.3 is examined carefully, it can 
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1.3 Hydrogen evolution and Mg dissolution rates: (a) Mg in 1 N NaCl 
(pH 11); (b) Mg in 1 N NaySO, (pH 11); (c) AZ21 (matrix phase) in 1 N 
NaCl (pH 11); (d) AZ91 ingot in 1 N NaCl (pH 11); (e) diecast AZ91 in 

1 N NaCl (pH 11); (f) sand-cast MEZ in 5 wt% NaCl (based on Song et 


al., 1997a,b, and Song, 2006). 


be found that this unusual hydrogen evolution behavior actually starts at a 
cathodic potential or current density for a Mg or its alloy in 1 N or 5 wt% 
NaCl. In Fig. 1.4, the onset point is shown to be more negative than the 
corrosion potential, which means that the NDE can occur not only under an 
anodic polarization as specified in the definition but also under a cathodic 
polarization condition. 
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1.4 Dependence of rates of hydrogen evolution and Mg dissolution 
on polarization potential for Mg in 1 N NaCl (pH 11) (data source: 
Song et al., 1997b). 


1.4.2. ‘Anodic hydrogen evolution’ (AHE) 


The NDE phenomenon can be indicated by hydrogen evolution at anodic 
polarization. For example, the NDE behavior as demonstrated in Fig. 1.3 
is caused by a ‘strange’ hydrogen evolution behavior when the polarization 
potential is more positive than a certain potential. In fact, a hydrogen evolution 
process is always involved in the anodic dissolution of Mg (Song, 2007a; 
Song et al., 2003). This ‘strange’ hydrogen evolution is defined (Song, 
2005b; 2006a) as ‘anodic hydrogen evolution’ (AHE) to distinguish it from 
the normal cathodic hydrogen evolution (CHE) resulting from cathodic 
reaction under cathodic polarization. 

The AHE behavior is schematically illustrated in Fig. 1.5. The HER (see 
curve H3 in Fig. 1.5) first decreases and then increases as the polarization 
potential or current density changes from a negative to a positive value. It 
is different from a normal CHE (see curve H5) for a conventional metal Me. 
The different trends of the dependence of HER on polarization potential or 
current density are caused by two different hydrogen evolution processes 
on Mg; normal CHE and AHE. 

It should be noted that the equilibrium potential of the normal CHE is 
much more positive than the corrosion potential of Mg or its alloy. Even 
in the anodic region, the normal hydrogen reaction is strongly cathodically 
polarized and CHE is likely to occur. Certainly, the CHE rate decreases 
with increasing potential. Thus, in the anodic potential region, CHE does 
contribute to the hydrogen evolution behavior, but it cannot be the reason 
for the NDE phenomenon. 
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Log I/I 


1.5 Schematic diagram for dissolution and hydrogen evolution from 
Mg or its alloy (Mg) compared with those from a normal metal (Me). 


The above description of the ‘strange’ AHE behavior can be further 
supported by an in situ observation (Song et al., 2004a) of a polarized MEZ 
Mg alloy (1.25 wt% Ce, 0.34 wt% Nd, 0.9 wt% Pr, 0.65 wt% La, 0.54 wt% 
Zn) in a 5 wt% NaCl solution. It was found (Song, 2005b, 2006; Song et 
al., 2004a) that when the MEZ was cathodically polarized to —1.8 V/SCE, 
hydrogen evolution was observed from sites (e.g. particles) in grains or 
grain boundaries. This is normal CHE (see H5 curve in Fig. 1.5) resulting 
from a normal electrochemical hydrogen reduction reaction under a cathodic 
polarization condition. If the polarization potential was increased to a value 
more positive than the corrosion potential, e.g. -1.4 V/SCE, then the CHE 
from those sites became very slow. Meanwhile, in another area where 
corrosion was occurring, intense hydrogen evolution was observed. The 
hydrogen evolution became more intense as the applied potential became 
more positive (see curve H} in Fig. 1.5). The hydrogen evolution occurring 
in a corroding area is an AHE process, and is closely associated with the 
anodic dissolution of Mg in that location. The differences in experiment 
between AHE from a corroding area and CHE from a non-corroding area 
are clearly demonstrated in Fig. 1.6. 

These phenomena strongly suggest that in general the hydrogen evolution 
from a corroding Mg or Mg alloy electrode consists of both ‘anodic’ and 
‘cathodic’ processes (Song, 2005a,b, 2006). The CHE emanates mainly from 
the non-corroded area of a Mg alloy and is responsible for the cathodic 
polarization behavior as represented by the cathodic branch of the polarization 
curve for the alloy. The anodic dissolution of a Mg alloy is closely associated 
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1.6 (a) ‘Cathodic hydrogen evolution’ (CHE) and (b) ‘anodic hydrogen 
evolution’ (AHE) from AZ91E in 5 wt% NaCl solution (Song, 2006). 


with the AHE from the corroding areas of the alloy. The anodic dissolution 
and AHE are responsible for the anodic polarization behavior of the Mg 
alloy. 


1.4.3 Apparent valence and anodic dissolution efficiency 


When metallic Mg is dissolved and becomes ionic, electrons are generated 
and result in a Faradic current, ip. The dissolution of Mg can be related to 
a Faradic current ip through the so-called Faradic law: 


where Qr is the Faraday charge, F is the Faraday constant, f is the period 
of dissolution time, W is the mass of Mg dissolved, W, is the mole weight 
of Mg, and n is the number of electrons generated in the electrochemical 
dissolution per Mg atom. 

If the dissolution of Mg is a two electron transfer electrochemical reaction 
(1.4), then n = 2. If the dissolution concerns only a one electron reaction 
(1.6), then n = 1. However, in the anodic dissolution process involving 
AHE, if the AHE is also assumed to be an electrochemical process, then it 
will consume some electrons generated from the anodic dissolution of Mg, 
which will result in an apparent n lower than 2. It has been summarized in 
Table 1.4 that the apparent valence of Mg in many electrolytes is actually 
between 1.26 and 1.90 (Perrault, 1978; Song, 2005b). 

The apparent valence of Mg in anodic dissolution at values less than 
two can also be reflected by the low anodic dissolution current efficiency. 
Theoretically, each mole of Mg atoms after dissolving into Mg”* ions will 
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Table 1.4 Apparent valence of Mg anodically dissolved in various electrolytes 
(Perrault, 1978; Song, 2005b) 


Solution Applied current Potential n 

density (nA/cm?) (V/NCE) 
0.05 mol/L MgCl, 2.5-30 -1.65 1.26 
2.3 mol/L MgCl, 7.7-160 -1.7 1.26 
0.05 mol/L MgBrz 4.2-50.5 -1.60 1.30 
0.5mol/L MgBr2 12.5-112 -1.65 1.30 
0.005 mol/L MgSO, 6.2-41 -1.5 1.33 
0.05 mol/L MgSO, 10-85 -1.55 1.33 
0.5 mol/L MgSO, 2.5-100 -1.6 1.33-1.37 
0.5mol/L MgSO,+ 0.05 mol/L K,CrO, 2.5-100 -1.5 1.27-1.32 
0.5mol/L KCIO, 6.4 -1.3 1.64 

10.9 -1.2 1.77 

100 -0.85 1.9 

2mol/L MgSO, + 0.5mol/L K,CrO, >-30 >0.3 1.86 


Table 1.5 Anodic dissolution efficiency of Mg in various 
electrolytes (Glicksman, 1959) 


Solution Efficiency (%) 
1 mol/L MgCl, 65 
0.1 mol/L LiCl 56 
1mol/L NaBr 59 
0.1 mol/L LiCl 65 
1mol/L LiCl 66 


give out tow moles of electrons, thereby generating 2F coulombs of electricity. 
However, since the hydrogen evolution consumes some of the electrons, the 
measured electric charge of the current generated from the dissolution of 
Mg will be smaller than the theoretically expected value. The relationship 
between the apparent valence n and anodic dissolution efficiency can be 
established as follows (Song, 2006): 


=(n/2) 100% 1.29 


When n = 2, is equivalent to the theoretical value, meaning that Mg 
dissolution is utilized 100% for current generation. If n is smaller than 2, 
for example, n = 1.2, then will be as low as 60%, implying that only 
some of the dissolution of Mg has contributed to the Faraday current 
generation and the remaining consumed in other processes involved in 
the dissolution. Table 1.5 lists the anodic dissolution efficiency of Mg in 
some electrolytes. The apparent valence appears to be a function of the 
electrolyte solutions. 
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1.4.4 Anodic polarization resistance and ‘passivity’ 


If the AHE from corroding areas is a normal hydrogen evolution process like 
CHE, it will consume anodic current resulting from the dissolution of Mg, 
making the anodic current density lower than that expected theoretically. 
Consequently, the anodic current density will not increase dramatically with 
increasing anodic polarization potential. However, in many aqueous solutions 
(acidic, neutral and weak alkaline), Mg and its alloys exhibit a dramatically 
increasing anodic current density with increasing anodic polarization potential. 
It has been measured (Song, 2004b, 2005a, 2007a; Song and Atrens, 2003; 
Song and StJohn, 2000, 2002, 2005a; Song et al., 1998, 2003, 2004a,c) that 
the anodic polarization curves of Mg and its alloys always exhibit a low 
slope (i.e. low| E/ logil). Figure 1.7 clearly shows that the anodic current 
densities of Mg and Mg—Al alloys (except the phase) in corrosive NaCl 
solutions increase dramatically with increasing anodic polarization potential 
to a significantly greater extent as compared with the dependence of their 
cathodic polarization current densities on polarization potential. 

It is always observed that hydrogen evolution is accompanying the anodic 
process during such measurements. If these polarization curves are examined 
carefully, a sudden change in current density on a polarization curve can 
be identified (Fig. 1.7). Such a sudden change in current density occurring 
on an anodic polarization curve can easily be recognized as an onset of 
dramatic increase in anodic current density (see Fig. 1.7(b)) and denoted 
as E,,. When the sudden change in current density occurs in the cathodic 
region, it may be overwhelmed by the changing current density in the weak 
cathode polarization region (see Fig. 1.7(d)). In this case, a sudden decrease 
in cathodic current density should be carefully selected. Figure 1.8 displays 
a typical polarization curve of AZ91 in a corrosive solution with a sudden 
change in current density on the cathodic polarization curve. Experimentally, 
E, also always corresponds to a sudden increase in hydrogen evolution 
from the Mg surface. Therefore, such a change in current density is also 
recognizable by observation of the electrode surface. 

The sudden increase in hydrogen evolution actually corresponds to a sudden 
increase in anodic dissolution of Mg (see Figs 1.3 and 1.4) in some local 
areas. It is in some sense similar to ‘pitting’ damage in morphology, but it 
is not a real pitting process which will be further explained later. In many 
corrosive environments, E,; is more negative than the corrosion potential 
Econ Therefore, the experimentally measured anodic polarization curves of 
Mg and its alloys are actually intense ‘pitting’ processes. Consequently, the 
anodic current density increases dramatically with increasing polarization 
potential and Mg and its alloys normally display low anodic polarization 
resistance. 

Since the low anodic polarization resistance of a Mg alloy originates 
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from the fact that the ‘pitting’ potential E,, of the alloy is more negative 
than its open-circuit potential E,o,,, Le. Ep.>Ecor, one would expect to see a 
relatively high polarization resistance in the potential region between E,o, 
and E,,. However, a relatively high anodic polarization resistance does 
not always mean that the Mg alloy has a true passivating behavior. Only 
when the surface film effectively retards the anodic process and the anodic 
polarization current density is sufficiently low, e.g. a few A/cm”, can the 
anodic dissolution rate be neglected and the anodic polarization phenomenon 
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1.7 Polarization curves of Mg and Mg alloys in corrosive solutions: 
(a) Mg in 1 N NaCl and Na,SO, at pH 11 and pH 13 (Song et al., 
1997a); (b) Mg—Al matrix phase and secondary phase in NaCl at pH 
11 (Song et al., 1998); (c) Mg—-Al single phase in Mg(OH), saturated 
5 wt% NaCl (based on Song and StJohn 2000); and (d) diecast 
AZ91 and sand-cast MEZ alloys in 5 wt% NaCl at pH 11 (Song et al., 
2004a). 
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1.7 Continued 


be termed as ‘passivity’. Otherwise, the anodic process only shows a tendency 
toward ‘passivity’ in the potential region between E,,,, and E,,; the system 
actually has not got into its real passive state. 

It should be noted that Mg and its alloys do not show a typical active 
peak on their anodic polarization curves. The ‘passivity’ is displayed in 
the region between E,, and E,o,;. The width of the ‘passive’ region (the 
difference between E,,,, and E,,) depends on the alloying elements and 
environmental solution conditions. Generally speaking, a Mg alloy can 
have a clear ‘passive’ region if it contains sufficiently stronger passivating 
alloying elements. Therefore, only some particular Mg alloys can exhibit 
relatively high polarization resistance or ‘passivity’ in the potential region 
from Egor to Ep. For example, the phase alloy as shown in Fig. 1.7(b) 
has an E,, more positive than its E.o,, and shows some ‘passivity’. Some 
Al containing intermetallic phases in Mg alloys have similar ‘passivity’ 
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1.9 Polarization of magnetic sputtered Mg Ti3:1 (75 atm% Mg, 25 


atm% Ti) and MgTi 1:1 (50 atm% Mg, 50 atm% Ti) in 0.1 N NaCl+1N 
Na,SO, + saturated Mg(OH)p. 


due to their high Al contents. Mg alloys containing rare earth elements and 
zirconium sometimes can also show ‘passivity’ (Nakatsugawa et al., 1996). 
Ti is a very strong passivating element, but difficult to alloy with Mg (Song 
and Haddad, 2010). If alloyed, it can make Mg passive (referring to Fig. 


1.9). The effect of solution composition on ‘passivity’ of a Mg alloy is also 
significant. 
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7.10 Polarization of AZ31B in 5% NaCl solution and 0.8% NaCl+0.1% 
CaCl,+0.075% NaHCO3 solution respectively. 


Apart from the alloying element, environmental solution is another critical 
factor determining the passivity of a Mg alloy. Figure 1.10 shows that AZ31B 
has a very low anodic polarization resistance in 5% NaCl, but in a solution 
of 0.8% NaCl+0.1% CaCl,+0.075% NaHCO; it displays a ‘passive’ region. 
Usually, the ‘passivity’ of a Mg alloy increases with increasing pH value of 
the environmental solution, and a ‘passive’ Mg alloy can lose its ‘passivity’ 
at low buffered pH values (Shaw and Wolfe, 2005). In nature, the ‘passivity’ 
is closely associated with the protectiveness of surface film. Since the quality 
of a surface film determines the AHE process, the ‘passivity’ can also be 
reflected by an AHE process. 


1.4.5 A comprehensive anodic dissolution model 


The ‘strange’ anodic polarization behaviors (negative difference effect, 
lower apparent valence, low anodic dissolution efficiency, low anodic 
polarization resistance and poor “passivity’) are closely associated with the 
AHE process which is further related to the onset of localized corrosion or 
‘pitting’. A comprehensive anodic dissolution model can be employed to 
understand these. 

From anormal anodic dissolution perspective, the general anodic dissolution 
of Mg in an aqueous solution can be simply described as follows: 
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Mg Mg?" + 2e7 1.30 


The detailed anodic dissolution process of Mg involves intermediate steps. 
It is well known that one electron transfer is much easier than two electron 
transfers in an electrochemical reaction. The above reaction is more likely 
to realize through an intermediate step involving mono-valence Mg*: 


Mg Mg*+e 1.31 


Mg* is not stable and can rapidly change into the more stable Mg”* through 
three possible approaches as follows. 


Further anodic oxidization 


The Mg* is directly anodized into Mg”* via an anodic electrochemical 
reaction: 


Mgt Mg** +e 132 


It can occur immediately on the surface of Mg. The overall dissolution of 
Mg will be 


Mg Mg?" + 2e7 133 


It is a normal anodic dissolution process (the same as reaction (1.30)). 


Disproportionation reaction 


Owing to the high instability in solution, Mg* may change into other 
intermediate species through a disproportionation reaction: 


2Mg* Mg+Mg** Mg-Mg** 1.34 


The generated Mg-Mg”* can be in the form of very fine metallic Mg particles 
deposited on the Mg surface, which is more active than the Mg electrode surface 
and will further react with water to form the final dissolution products: 


Mg-Mg**+2H* 2Mg** +H, 


(in acidic solution) 1.35 
Mg-Mg?* +2H,O  Mg(OH) + Mg”* + Hp 
(in neutral or basic media) 1.36 


Therefore, the overall anodic dissolution will be: 


Mg+H* Mg**+%H +e 


(in acidic solution) 1.37 
Mg+H,0 %Mg(OH), + 4Mg”*+ %4H, + & 
(in neutral or basic media) 1.38 
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Direct hydration 
Mg* can also react with water and generate hydrogen: 
2Mgt+2H* 2Mg7*+H, 
(in acidic solutions) 
2Mg*+2H,0 20H +2Mg”* +H, 
(in neutral or basic solutions) 
The overall anodic dissolution reactions will be: 
Mg+H* Mg*+%H, +e 
(in acidic solutions) 
Mg+H,O OH +Mg**+%H) +e 


(in neutral or basic solutions) 


27 


1.39 


1.40 


1.41 


1.42 


The above-mentioned anodic dissolution processes (1.30)-(1.42) should 
mainly occur on bare Mg surface without a surface film. On a film-covered 
surface, Mg* is unlikely to survive, thus these processes can be neglected. 
Figure 1.11 shows a schematic diagram summarizing the above anodic 


dissolution reactions. 


Overall anodic dissolution reaction 


It should be noted that the further anodic reaction does not produce hydrogen 
while the hydration and disproportionation approaches can both lead to 
hydrogen evolution, and as such they can be treated as one group of reactions. 
In fact, these two approaches have exactly the same overall anodic dissolution 


reactions (see reactions (1.37), (1.38), (1.41) and (1.42)). 


ied 


Mg** + OH” + '/2 Ho 


oF Mg2* + OH" + "fp Hp 
Mg?* x= 


1.11 Schematic diagram for anodic dissolution of Mg or the matrix 


phase of a Mg alloy. 
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If the ratio of the further anodic reaction over the hydrogen producing 
reactions (disproportional reaction and hydration reaction) is assumed to 
be ‘y’, then the total anodic dissolution of Mg can be written as (Song, 
2006): 


Mg+[l/(1+y)]H* Mg” + [1/(2 + 2y)]H> 
+ [C1 + 2y)/1 + yer (in acidic solution) 1.43 
Mg +[I/(1+y)]H,O Mg** +[1/(1 + y)]OH” 
+ [1/2 + 2y)]JH> + [C1 + 2y)/ + y)Jer 
(in neutral or basic media) 1.44 


After the above overall anodic dissolution of Mg was proposed by Song 
in 2006 (Song, 2006), a similar Mg dissolution process was also presented 
(Atrens and Dietzel, 2007), in which another parameter ‘k’ was used instead 
of parameter ‘y’. Nevertheless, the overall anodic dissolution reaction in 
nature is exactly the same as Song’s equation. 


1.4.6 Understanding of anodic phenomena 


The overall anodic dissolution process (1.43) or (1.44) can successfully 
explain the ‘strange’ anodic behavior of Mg. The equations indicate that 
hydrogen evolution is involved in the anodic process. In fact, the mechanism 
of AHE concerns the involvement of Mg* in the anodic dissolution of Mg 
(Perrault, 1978; Song, 2005b, 2006, 2007a; Song and Atrens, 2003) thus 
the hydrogen evolution is not only a phenomenon at corrosion potential but 
occurs under various polarization conditions as well. According to these 
total anodic reactions, AHE would be accelerated by a positively increased 
polarization potential, truly illustrating the basic feature of NDE. 

As to the phenomenon that NDE only occurs at potentials more positive 
than E,; (see Figs 1.3, 1.4 and 1.5), the breakdown of surface film at Ey, 
should be taken into consideration. From a kinetic point of view, the surface 
film can exist on Mg even at a relatively negative potential (probably between 
the corrosion potential and the equilibrium potential of Mg). The film can 
be originally air-formed oxides, deposited hydroxides, a MgH, layer or even 
a mixture of them. It is assumed that the number or the total area of film- 
free sites is potential-dependent and can become larger at a more positive 
potential. The assumption is to some extent similar to the mechanism of a 
passive film breaking down at potentials more positive than a critical value. 
When the polarization potential is more negative than E,,, the full surface of 
Mg is protected by a film and reaction (1.43) or (1.44) is negligible on the 
film-covered surface. As a result, the anodic dissolution of Mg and AHE are 
undetectable (CHE can still occur). After the polarization potential becomes 
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more positive than E,,, the surface film breaks down in some areas and 
reaction (1.43) or (1.44) becomes intense. This explains the sudden increases 
in anodic dissolution and ACE at E,,, as well as the NDE behavior. 

From reaction (1.43) or (1.44), we also have: 


n=(1+2y/(1+y) 1.45 


which suggests that the apparent valence n should be a value between 1 
and 2. When the ratio of further anodic reactions to the hydrogen-producing 
reactions is negligible, ic. y 0O,thenn 1. Ifthe further anodic reactions 
overwhelm the hydrogen producing reactions, i.e.,y ©,thenn 2. 

Correspondingly, according to equation (1.29), the anodic dissolution 
efficiency will be between 50% and 100%: 


= [C1 + 2y)/(2 + 2y)] 100% 1.46 


When the further anodic dissolution reaction is dominating the whole anodic 
process, 100%. If Mg is dissolved mainly through the hydrogen-producing 
reactions, then 50%. 

According to the comprehensive anodic dissolution model, the further 
anodic reaction (1.32) is a potential-dependent electrochemical process which 
can become faster at a more positive polarization potential. This means that 
y will increase and therefore n should also increase as the potential becomes 
more positive. This prediction has been experimentally verified; n starting at 
1.2 approached a value of 1.8 after the anodic polarization potential was more 
positive than —1 V/NHE (Perrault, 1978). Because the hydrogen production 
reactions in the anodic process cannot fully stop at anodic potentials, n cannot 
reach its theoretical value of 2, which is also consistent with experimental 
observation (Perrault, 1978). 

The low anodic polarization resistance of Mg and its alloys can be ascribed 
to the breakdown of the film. At potentials more negative than E,,, the surface 
is fully covered by a surface film according to the model, and thus the anodic 
polarization current density does not dramatically increase with increasing 
potential. The presence of surface film on the surface also accounts for the 
fact that no active dissolution peak appears on the anodic polarization curve. 
After the polarization potential becomes more positive than E,, and there are 
considerable film-free sites or areas, the Mg* generation and the subsequent 
further anodic oxidation, disproportionation and hydration of Mg* become 
significant. Therefore, the anodic current density dramatically increases. 

Alloying can affect the anodic behavior according to this model. For 
example, Al alloying makes the surface film more stable and results in more 
positive E,, (see Fig. 1.7(d)). Al in the matrix phase of the substrate can 
also stabilize Mg and decelerate reaction (1.31), thereby slowing down the 
entire anodic process (see Fig. 1.7(d)). This explains the anodic behavior of 
the phase as shown in Fig. 1.7(b), which has an E,, more positive than the 
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corrosion potential. High polarization resistance of this phase is displayed 
prior to E,; on its anodic polarization curve as a result of the considerably 
high content of Al in this phase. For the same reason, the composition of 
the solution can also affect the stability of the surface film and the anodic 
reactions. Hence, the ‘passivity’ of Mg and Mg alloys also varies with 
solution compositions. 


1.5 Cathodic process 


Oxygen reduction and hydrogen evolution are two typical cathodic processes 
for a conventional corroding metal in an aqueous solution. In a neutral 
or alkaline solution, oxygen reduction is usually believed to play a more 
important role than hydrogen evolution. However, this is not the case for 
Mg and its alloys. 


1.5.1. Contribution of oxygen reduction 


The equilibrium potential of Mg is far more negative than the hydrogen 
potential and as such the hydrogen reaction is strongly polarized cathodically 
on Mg. Therefore, hydrogen evolution always dominates the cathodic process 
in an aqueous environment. Certainly, in a neutral or basic solution oxygen 
reduction can still occur; however, the concentration of oxygen dissolved 
in the solution is limited by its diffusion within the solution, which is 
significantly slow compared with the hydrogen evolution reaction on Mg. It 
has been generally accepted (Froats et al., 1987; Hur and Kim, 1998; Song, 
2005b, 2006), that dissolved oxygen does not play an important role and 
hydrogen evolution is the main cathodic process involved in the corrosion 
of magnesium. Electrochemical experiments (Baril and Pebere, 2001) also 
show that the reaction rate of Mg electrode does not affect its AC impedance 
spectrum, suggesting that oxygen diffusion has a very limited effect on the 
cathodic process on Mg. Therefore, in practice, the reduction of oxygen 
can usually be ignored and hydrogen evolution is considered to be the only 
significant cathodic reaction in an aqueous environment. 


1.5.2. Possible cathodic reactions 


There are a number of possible detailed cathodic hydrogen processes on 
Mg and its alloys. 


Normal cathodic hydrogen evolution 


In this mechanism, hydrogen evolution on Mg generally follows the same 
process as exhibited by other conventional metals: a proton from the solution 
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is first adsorbed onto the Mg surface and becomes an intermediate adsorbed 
hydrogen atom H,,: 

Ht+e Hag (in an acidic solution) 1.47 
or 
H,0+e H,g+OH ~~ (ina neutral or basic solution) 1.48 


The intermediate adsorbed hydrogen atoms then combine to form hydrogen 
molecules or gaseous H, through two possible paths: 


2H,g Ho 1.49 
or 

Hygt+ Hi +e Hy 1.50 
Therefore the overall cathodic reaction is: 

2H*+2e Hy (in an acidic solution) 1.51 
or 

2H,0 + 2e H,+20OH (ina neutral or basic solution) 1.52 


This reaction can in theory continue as long as the potential is negative. In 
practice, the hydrogen over-potential can significantly affect the hydrogen 
evolution rate. Although there is no accurate or reliable hydrogen over- 
potential measured for Mg yet, this value is sometimes assumed to be very 
large (Makar and Kruger, 1993). Nevertheless, according to this mechanism 
hydrogen evolution should occur at a potential much more noble than the 
corrosion potential of Mg. 


Intermediate Mg*-catalyzed hydrogen evolution 


Mg* participates in the cathodic process. Mg”* is first reduced into intermediate 
Mg* on the Mg surface: 


Mg**+e7 Mgt 1.53 


The generated Mg* then reacts with water to generate hydrogen and itself 
is oxidized back to Mg”* by water: 


2Mg*+2H,O 2Mg”* + 20H +H, 1.54 
The overall cathodic reaction is: 
2H,0+2e 20H +H, 155 


No net Mg* is generated or consumed in the process. The equilibrium potential 
of reaction (1.53) is -2.067 V (see reaction (8)), which is more negative than 


© Woodhead Publishing Limited, 2011 


32 Corrosion of magnesium alloys 


the normal standard hydrogen evolution potential and the corrosion potentials 
of Mg and its alloys. Hence, the Mg* intermediate mechanism is likely to 
operate only when the Mg electrode is strongly cathodically polarized and 
dissolved Mg”* present in the solution. 
In addition to reaction (1.53), there may be other theoretical cathodic 
reactions on the Mg electrode involving Mg(OH), to generate Mg*, such as: 
Mg(OH), + 2H*+e Mg*+2H,0 

(in an acidic solution) 1.56 

or 
Mg(OH),+e Mg* + 20H 

(in a neutral or basic solution) 1.57 
The equilibrium potential of reaction (1.56) is much more positive than 
reactions (1.53) and (1.57) (see reactions (1.8)—(1.10)). Thus reaction (1.56) 
is much more significant. However, in acidic solutions where Mg(OH), 
can barely be formed, its rate cannot be high due to the limited amount 
of Mg(OH),. Reaction (1.57) can only occur when the Mg electrode is 
cathodically polarized to a potential more negative than that of reaction 
(1.53). Nevertheless, both reactions (1.56) and (1.57) cannot last long on 
the Mg surface as they will terminate as soon as the Mg(OH), is consumed. 
Only reaction (1.53) can reach its steady state and still be a real cathodic 
process on the Mg surface. 


Intermediate MgH) catalyzed hydrogen evolution process 


Similar to the intermediate Mg* mechanism, in an intermediate MgH, 
catalyzing process, Mg”* or Mg(OH), film is reduced together with protons 
on the surface of Mg to form intermediate MgH;: 


Mg** + 2H*+4e" MgH, 1.58 
or 
Mg(OH), + 2H* + 4e =MgH) + 20H” 1.59 


The formed MgH), thus can be further oxidized particularly in a solution 
containing oxidizing reagents to generate hydrogen gas and Mg”*: 


MgH,+2H,O Mg?*+2O0H'+2H, Mg(OH),+2H, 1.60 
Therefore, an overall cathodic reaction can be expressed as: 

H*+H,O0+2e OH +H, 1.61 
Which is equivalent to: 


2H,0 +2e° 20H +H, 1.62 
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This is a hydrogen evolution reaction for neutral and basic solutions. In an 
acidic solution, it can be rewritten as: 


2H* +2e- +H, 1.63 


There is no net amount of MgH, generated or consumed in this 
mechanism. 

Cathodic reactions (1.58) and (1.59) can occur at potentials (E°=-1.114V 
and E° = -1.256 V respectively) which are more positive than reaction (1.53). 
When the cathodic polarization potential is not too negative, the cathodic 
hydrogen process may follow the MgH,-catalyzed hydrogen evolution 
mechanism in addition to the normal cathodic hydrogen evolution mechanism. 
However, four electrons are involved in reactions (1.58) and (1.59) and as 
such, the probability for these reactions is very low in practice. 


Possible H ingress and MgH) formation processes 


Apart from the cathodic processes and mechanisms discussed previously, there 
may be other possible cathodic processes. For example, reactions (1.13)—(1.15) 
and (1.17)—(1.19) in the cathodic direction can lead to the generation of MgH, 
which can by reacting with water result in cathodic hydrogen evolution. 
However, reactions (1.13), (1.15) and (1.17) require hydrogen gas that must 
come from reaction (1.25). If reaction (1.25) is substituted into these reactions, 
then they are actually reactions (1.12), (1.14) and (1.16). Reactions (1.12) 
and (1.16) have been included in mechanisms II and II. Reactions (1.14) 
and (1.18) require Mg* and Mg(OH). These species can come from reactions 
(1.8)-(1.11). Reactions (1.10) and (1.11) under certain conditions are equivalent 
to reactions (1.8) and (1.9) and have been considered in the intermediate Mg* 
and MgH;j processes and will not be repeated here. Therefore, only reactions 
(1.19) and (1.20) are unique and should be considered. These reactions have 
relatively positive equilibrium potentials: 


Mg +2H*+2e  MgH, 
or (in an acidic solution) 1.64 
Mg +2H,0+2e  MgH, + 20H” 
(in a neutral or alkaline solution) 1.65 


The MgH, formed on the Mg surface is not stable in contact with water and 
as such can react with water to decompose into H, and Mg?* or Mg(OH), 
according to equations (1.23) or (1.24) respectively: 


MgH, + 2H* = Mg”* + 2H, 
(in an acidic solution) 1.66 


or 
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MgH, + 2H,0 = Mg(OH), + 2H, 
(in an alkaline or neutral solution) 1.67 
Hence, the overall cathodic reaction should be: 
Mg + 4H* + 2e" = Mg** + 2H, 
(in an acidic solution) 1.68 


or 


Mg + 4H,O + 2e° = Mg(OH), + 20H + 2H, 


(in an alkaline or neutral solution) 1.69 


suggesting that the Mg dissolves or transforms into Mg(OH), in a cathodic 
process and that the rate of ‘cathodic dissolution’ of Mg will increase as the 
applied potential becomes more negative, which is abnormal and contradictory 
to observed experimental phenomena. It has been reported that when the 
polarization potential is more negative than a certain potential, the dissolution 
of Mg will stop (Song et al., 1997b). Figure 1.4 shows the rate dependence 
of hydrogen evolution and Mg dissolution on the polarization potential for 
pure Mg immersed in 1 N NaCl (pH = 11) solution. In this case, when the 
potential becomes more negative than —1.7 V/saturated cabmel electrode 
(SCE), the Mg dissolution nearly stops while the hydrogen evolution rate is 
increasing. Therefore, the cathodic process with electrochemically formed 
MgH, on Mg can be excluded. 

There is one more possibility that Mg hydride formation does not necessarily 
occur via an electrochemical reaction on the Mg surface as do reactions (1.64) 
or (1.65). It can be a hydrogen absorption or storage process for Mg starting 
from the adsorption of hydrogen atoms onto the Mg surface. The normal 
hydrogen evolution process should be involved in the above reactions, i.e., 
H* or H,O has to be reduced into H,g on the Mg surface first. 


Ht+e Hyg 1.70 
or 
HO+e Hy+ OH 1.71 


Apart from the combination of H,g and production of H) as illustrated in the 
normal hydrogen evolution process, the intermediate hydrogen atom H,g on 
the Mg surface, before it is combined into a hydrogen molecule on the Mg 
surface, may also react with Mg to form MgH, on the Mg surface or diffuse 
into the Mg matrix (dissolved in Mg as Hyg) and then combine with Mg to 
form MgH, in the Mg: 


2H,at+Mg  MgH, 1.72 
Hos Une 1.73 
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or 
2HMs +Mg = MgH, 1.74 


In practice, the diffusion of Hy, in Mg could be much faster than some 
theoretical calculations, because even in pure Mg there are a large number of 
defects such as dislocations and grain boundaries that could act as quick paths 
for Hyg to diffuse into Mg (Winzer et al., 2005, 2007a, b, 2008a,b,c). 

In this process, the overall cathodic reaction will be: 


2H*+Mg+2e MgH, 1.75 


which is actually reaction (1.19). The final cathodic product is MgH>. 

It should be noted that hydrogen molecules generated in a normal cathodic 
hydrogen evolution process cannot get into the Mg matrix because their 
decomposition into hydrogen atoms requires more energy. The contribution 
of generated hydrogen gas to the MgH, cathodic process on Mg can be 
neglected. 

The generated MgH, may stay inside Mg, so its reaction with water could 
be insignificant. However, on the Mg surface, the generated MgH, from 
reaction (1.75) can react with water and produces hydrogen: 


MgH, + 2H,O Mg?*+2O0H-+2H, Mg(OH>),+2H) 1.76 


In this case, the overall cathodic reaction of this mechanism becomes (1.68) 
or (1.69). 

The above analysis suggests that the generated MgH, mainly stay inside 
Mg and not on the surface in direct contact with water. It can be deduced 
that the MgH, in this mechanism is formed via reaction (1.73) by ingress of 
H,q, and not by the simple combination of 2H,g on the Mg surface through 
reaction (1.74). This differs from the intermediate MgH,-catalyzed mechanism, 
in which MgH,j is only an intermediate species formed on the surface. 

H ingress and MgH, formation in Mg is relatively slow compared with 
the normal, intermediate Mg*-catalyzed, and intermediate MgH>-catalyzed 
hydrogen evolution processes. Usually, the H ingress and MgH, formation 
cathodic processes are neglected. However, in the case of hydrogen-assisted 
cracking (SCC) occurring to Mg or its alloys, this process could be critical 
(Winzer et al., 2005, 2007a,b, 2008a,b,c). 


1.5.3. Practical cathodic processes 


The possible Mg cathodic processes discussed above can be summarized in a 
schematic diagram (Fig. 1.12). It should be noted that different mechanisms 
may operate under different conditions and in practice there could be only 
one mechanism dominating the cathodic process at a time. 

As stated earlier, H ingress and MgH), formation is not a significant 
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1.12 Schematic illustration of the cathodic reactions on Mg surface. 


cathodic process and normally not considered in corrosion. The other three 
mechanisms can all lead to the same overall cathodic hydrogen evolution 
process: 


2H'+2e 8H, (in an acidic solution) 1.77 
2H,0 + 2e H,+ 20H (in an akaline or neutral solution) 1.78 


Although oxygen in solution can affect the cathodic process on the surface 
of Mg, the contribution of oxygen to the cathodic process is not significant. 
In fact, there is no oxygen-diffusion controlled plateau on the cathodic 
polarization curves of Mg and its alloys (Shi et al., 2001; Song, 2007a; Song 
and Atrens, 2003, 2007; Song and Song, 2006b; Song and StJohn, 2000, 2002, 
2005a; Song et al., 1999, 2003, 2006a). The cathodic polarization curves 
always exhibit a typical Tafel region. In a very wide potential range on a 
cathodic polarization curve, the log plot of cathodic current density increases 
linearly as polarization potential becomes more negative, suggesting that the 
hydrogen evolution in the cathodic region follows the Tafel equation. 

In theory, all three cathodic hydrogen evolution mechanisms, 1.e., normal, 
Mg*-catalyzed and MgH,-catalyzed processes which all have the same 
overall hydrogen reactions, can result in the Tafel behavior. However, the 
latter two processes are relatively unlikely to dominate the cathodic process, 
since they have equilibrium potentials much more negative than the normal 
hydrogen equilibrium potential and since the four electron reactions (1.58) 
and (1.59) very rarely occur. Therefore, the most practical hydrogen evolution 
mechanism should be the normal hydrogen evolution process. 

Mg alloying elements do not have a significant effect upon the cathodic 
process. This is substantiated by the insignificant cathodic Tafel slope 
difference between Mg and its alloys (see Fig. 1.7), which is also indirect 
evidence for the normal cathodic hydrogen evolution. Nevertheless, alloying 
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elements may affect the surface film and consequently influence the cathodic 
current density. It has been reported that Al alloying can make the surface 
film thinner and more stable (Song et al., 1998, 2004a) which is favorable 
for electron transfer as in the cathodic hydrogen evolution reaction (1.77) 
or (1.78). Therefore, the single phase Mg—Al alloy with a higher level of Al 
exhibits higher cathodic current density (see Fig. 1.7(b) and (d)). Obviously, 
the surface state of a Mg alloy can also influence the cathodic hydrogen 
process (Song and Xu, 2010). 


1.6 Corrosion mechanism and characteristic 
processes 


Based on the electrochemistry of Mg discussed in the prior sections, the 
corrosion mechanism and characteristics of Mg and its alloys can be illustrated 
as follows. 


1.6.1. Self-corrosion of Mg matrix phase 


Self-corrosion is basically an anodic dissolution process at a rate equal to 
that of the coupling cathodic process on an electrode. Under a steady state 
self-corrosion condition, all the electrons generated by anodic reactions are 
consumed by cathodic reactions on an elecrode. On Mg the overall cathodic 
process is reaction (1.77) or (1.78) and the overall anodic process is reaction 
(1.43) or (1.44), respectively. When they are coupled, ie. having the same 
rate, the overall corrosion of Mg can be written as: 


Mg+2H* Mg**+H, (in acidic solution) 1.79 
or 
Mg+2H,O0 Mg**+2OH +H, (in neutral or basic media) 
1.80 


which is the widely reported overall corrosion reaction of Mg in aqueous 
solutions. 

The detailed anodic and cathodic reactions under the self-corrosion condition 
are schematically presented in Fig. 1.13. In general, anodic reactions occur 
mainly in film-free areas whereas in film-covered areas anodic dissolution 
is negligible. Cathodic reactions with hydrogen evolution as a main process, 
can take place in both the film-free and film-covered areas, although in a 
film-free area much faster than on a film-covered surface. 

The corrosion mechanism of Mg discussed above is applicable to both 
pure and the matrix phase (a single phase Mg alloy) of Mg alloys. The matrix 
phase has the same crystalline structure as Mg and similar electrochemical 
behavior, the presence of alloying elements in the matrix phase may alter 


© Woodhead Publishing Limited, 2011 


38 Corrosion of magnesium alloys 


Pie AHE 
} A 
OH™ + 1/2 Hy ' Mg** + OH” + '/5 Hp ! A A 
2, Mg? + OH-+/>H,! OH + 2 Hp! 
Mg?* x 


1.13 Schematic illustration of anodic and cathodic reactions involved 
in the self-corrosion of Mg. 


the rates of reactions or steps involved in the corrosion process, but it does 
not change the corrosion approach or mechanism. Since the matrix is the 
major phase of a Mg alloy and corrosion of the alloy mainly occurs in the 
matrix phase, the corrosion process and behavior of the matrix phase to a 
great extent will represent the corrosion performance of the alloy. The other 
phases in the alloy basically act as a galvanic couple or a barrier to accelerate 
or decelerate the corrosion process of the matrix phase. Their effects on the 
corrosion of the matrix phase can be figured out if the corrosion mechanism 
of the matrix phase is well understood. Therefore, Fig. 1.13 also presents 
the corrosion mechanism of the Mg matrix phase. 


1.6.2 Characteristic corrosion phenomena 


According to the corrosion mechanism of the Mg matrix phase illustrated 
above, the corrosion of Mg and its alloys have the following characteristic 
processes. 


Hydrogen evolution 


According to the above analyses, both the cathodic reaction (1.77) or (1.78) 
and anodic reaction (1.43) or (1.44) can lead to hydrogen evolution. The 
overall corrosion reaction (1.79) or (1.80) suggests that hydrogen evolution 
always accompanies the dissolution of Mg, regardless which anodic and 
cathodic mechanisms (normal cathodic hydrogen evolution, intermediate 
Mg*-catalyzed hydrogen evolution, intermediate MgH, catalyzed hydrogen 
evolution, further anodic oxidation, disproportionation and direct hydration 
of Mg’, etc.) are involved in the corrosion process. The effect of hydrogen 
ingress and MgH, formation on reaction (1.79) or (1.80) is negligible. 
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Undermining of Mg particles that may take place in a very severe corrosion 
process has been shown not to influence reaction (1.79) or (1.80) (Song et 
al., 1997b) either. Therefore, the hydrogen evolution phenomenon in an 
aqueous solution is one of the most fundamental and important corrosion 
features of Mg and its alloys. 

According to reaction (1.79) or (1.80), if there is one mole of hydrogen 
evolved, there must be one mole of Mg dissolved (Song ef al., 2001). 
Measuring the volume of evolved hydrogen is equivalent to measuring the 
weight loss of Mg in corrosion. According to the relationship between hydrogen 
evolution and corrosion process, a simple hydrogen evolution measurement 
technique was first employed by Song (Song et al., 1997b) to estimate the 
corrosion rate of Mg. The set-up for measuring hydrogen evolution is very 
simple (Song et al., 2001) and consists of a burette, a funnel and a beaker 
which can also be combined into an electrolytic cell for electrochemical 
measurements (Song and StJohn, 2002) (see Fig. 1.14). The theoretical 
error associated with this technique has been analyzed to be less than 10% 
(Song, 2005a,b, 2006; Song et al., 2001) and the measured corrosion rates 
of various Mg alloy specimens have been found to be in good agreement 
with those by weight loss (the correlation coefficient is 1.0) (Song ef al., 
2001). This technique has now been widely used on Mg alloys (Bonora et 
al 2000; Eliezer et al., 2000; Hallopeau et al., 1997; Krishnamurthy et al., 
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1.14 Schematic illustration of experimental equipment for measuring 
the volume of hydrogen evolved. 
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1988; Mathieu et al., 2000; Song, 2005a, 2007a; Song and Atrens, 2003; 
Song and StJohn 2002; Song et al., 1998, 1999). 

The hydrogen evolution method has several advantages over the traditional 
weight loss measurement in estimating corrosion damage or corrosion rate 
of a Mg alloy: 


e smaller theoretical and experimental errors are introduced into the final 
estimated corrosion rate; 

e easy to set up and operate; 
suitable for monitoring the corrosion of Mg and its alloys; and 

e no need for removal of corrosion products. 


The hydrogen evolution method is also superior to the estimation of corrosion 
rate from polarization curve in terms of measurement accuracy. The application 
of the traditional Tafel extrapolation in estimating the corrosion rates of 
Mg and its alloys is actually questionable and in many cases can lead to a 
misleading result, although it has been employed to investigate or evaluate 
the corrosion performance of Mg and its alloys in some studies (Bonora et 
al., 2000; Eliezer et al., 2000; Hallopeau et al., 1997; Krishnamurthy et al., 
1988; Mathieu et al., 2000). 

In theory, to estimate corrosion rates from the Tafel regions on a polarization 
curve, the anodic and cathodic reactions should be governed by only one 
anodic and one cathodic Tafel equation in a wide potential range including the 
corrosion potential. However, according to earlier analyses (referring to Fig. 
1.5), there are more than one anodic and cathodic electrochemical reactions 
involved in the anodic and cathodic processes of a corroding Mg or its alloy 
around its corrosion potential E,o,,. When E,; is more negative than E,,, and 
the polarization potentials are more negative than E,,, the cathodic reaction 
is mainly hydrogen evolution governed by one cathodic Tafel equation on 
the film covered surface. However, around E,.,, which is more positive than 
Ep, the cathodic reaction will be dominated by hydrogen evolution from 
film-free sites which does not follow the same cathodic Tafel equation as the 
cathodic hydrogen evolution from a film covered surface in the potential more 
negative than E,,. Thus, the Tafel equation obtained from the strong cathodic 
polarization region cannot be applied to the potential region around £,o,,. 

When the electrode is anodically polarized, the anodic current density resulting 
from the dissolution of Mg in the film-free areas will be substantially influenced 
by the current density resulting from the cathodic hydrogen evolution reaction 
process even in a strong anodically polarized potential region. Consequently, 
the overall anodic process cannot follow a single anodic Tafel equation around 
the corrosion potential and in the anodic polarization region. Therefore, the 
corrosion rate at the corrosion potential cannot be estimated via either cathodic 
or anodic Tafel extrapolation. In other words, hydrogen evolution accompanies 
the corrosion process and complicates the theory of anodic and cathodic 
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1.15 Average corrosion rates for Mg-Al single phases in 5 wt% NaCl 
for 3 hours (based on Song et al., 2004a). 


polarization around E,,,,. It was found (Song et al., 2001) that the corrosion 
rates of sand-cast MEZy and diecast AZ91D (AI9Zn0.8Mn0.3) were comparable 
if estimated by the Tafel extrapolation of their polarization curves. However, 
the weight loss measurements showed that the corrosion rate of MEZ,, was 
approximately 25 times higher than the AZ91D corrosion rate. Similarly, if 
the polarization curves of Mg—AI single phase alloys as shown in Fig. 1.7(d) 
are Tafel-extrapolated to their corrosion potentials, it may be concluded that 
their corrosion rates are in an increasing order: 2.00%AI<3.89%AI<5.78% 
Al<8.95% Al. However, experimentally measured corrosion rates exhibit a 
reversed order (Song and StJohn, 2000c) (see Fig. 1.15), demonstrating the 
unreliability of the Tafel extrapolation method. Similar unreliability has also 
been reported for Am70 and AT72 Mg alloys (Song, 2009d). 

If E,, is more positive than E,o,,, the electrode surface does not change 
dramatically around E,,,, and the single Tafel equation can be applied 
to describe the anodic and cathodic polarization behaviors around E,,,,, 
respectively. In this case, the Tafel extrapolation may be applicable (Song 
and Radovic, 2010). 


Alkalization 


Reaction (1.79) or (1.80) suggests that there is a correlation between dissolved 
Mg ions and generated hydroxyls or consumption of protons during the 
corrosion of Mg and its alloys, implying that the corrosion of Mg and its 
alloys will result in an increased pH value of the solution. In fact, the surface 
of a corroding Mg alloy always experiences an alkalization process. When 
hydroxyls are generated or protons are consumed on the surface, they take 
time to migrate away from the surface into the bulk solution. It has been 
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estimated that the local pH value of the solution adjacent to a Mg surface 
can be 10.5 even if the bulk solution is acidic (Nazarrov and Mikhailovskii 
1990; Song, 2005b, 2006) (see Fig. 1.16). 

The increase in pH value of the solution levels off at a pH of ~10.5 even 
though the corrosion continues to proceed at this pH value. This is because 
the deposition of Mg(OH), (reaction (1.21)) dominates at this or higher pH 
levels (Song, 2005b) and thus the additional hydroxyls if generated in corrosion 
are consumed by dissolved Mg”* via formation of Mg(OH), deposits which 
stabilize the pH value of the solution. A more significant alkalization effect 
is likely to be achieved with a larger Mg specimen in a smaller volume of 
solution. For example, in an atmospheric environment, only a small amount 
of aqueous drops or a thin aqueous film can stay on the surface of the Mg 
specimens. Hence, atmospheric corrosion is slow compared with immersion 
corrosion because of the stronger surface alkalization effect (Song et al., 
2004c). 

The surface alkalization property can even be employed to generate coating 
for Mg alloys. For example, Song (2009a,b,c, 2010b) deposited an E-coating 
layer on Mg alloy surfaces without applying any current or voltage simply 
by utilizing the high surface alkalinity of the alloys. The alkalization effect 
has also been utilized to monitor the corrosion rates of Mg alloys (Hur et 
al., 1996; Weiss et al., 1997). However, it is not as reliable as the hydrogen 
evolution technique: 


e ©The alkalization is dependent upon the volume of the testing solution. 
It is difficult to compare corrosion rates of Mg alloys having different 
surface/volume ratios. 


PH 


1.16 Estimated alkalinity (pH;) of solution adjacent to Mg surface vs 
bulk solution pH, (based on Nazarrov and Mikhailovskii, 1990). 
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e In the later stages of corrosion, the corrosion rate may be still high, but 
the pH value of the testing solution stabilizes at 10.5, failing to indicate 
the corrosion rate. 

e The dissolution of carbon dioxide from air could influence the pH value 
of the solution and result in a faulty corrosion rate reading based on the 
affected pH value. 

e Ina strong acidic or basic solution, the variation of pH is not sufficiently 
sensitive to reflect the change of corrosion rate. 


Negative potential 


The high chemical activity of Mg corresponds to a negative standard equilibrium 
potential of Mg/Mg”*, about —2.4V (Perrault, 1978; Song, 2005b). This 
standard equilibrium potential is more negative than any other engineering 
metal (including coatings) (Bard and Faulkner, 1980). A negative equilibrium 
potential does not mean a negative corrosion potential. For example, it is 
well known that Al, Cr and Ni have relatively positive corrosion potentials 
in many aqueous solutions although their equilibrium potentials are fairly 
negative (Bard and Faulkner, 1980). A stable and protective passive film 
forming on the surfaces of these metals significantly inhibits the anodic 
process and thus results in a positive corrosion potential. Unfortunately, the 
surface films formed on Mg and its alloys are generally unprotective and the 
anodic polarization resistance is low. Therefore, in a corrosive environment, 
the corrosion potentials of Mg and its alloys are as negative as —1.7— —-1.6 V/ 
NHE. Alloying and solution composition can affect the corrosion potential 
of a Mg alloy. For example, the corrosion potential of Mg can be ~2 V-NHE 
in an acidic solution, and can also become ~1 V—NHE in a basic Ca(OH), 
or Ba(OH), saturated solution (Perrault, 1978). Al alloying usually can 
enhance the corrosion potential. Nevertheless, in the same aqueous solution 
the corrosion potential of a Mg alloy is usually much more negative than 
any other engineering metal. 


1.6.3. Galvanic effect 


The galvanic effect is one of the most important corrosion phenomena of 
Mg alloys in practical applications and is responsible for the majority of 
corrosion damage of Mg alloys in engineering. 

With negative corrosion potentials, Mg and its alloys will always act as 
anodes if they are in contact with other engineering metals and suffer from 
a galvanic corrosion attack. The corrosion potential difference between the 
anode and cathode is one of the important factors determining the galvanic 
corrosion rate i,. In an NaCl solution, the corrosion potential of Mg is over 
600 mV more negative than the second active engineering metal Zn (Song, 
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2007a), implying that the galvanic corrosion driven by the potential difference 
between Mg and other metals is particularly significant. The galvanic corrosion 
rate is also dependent upon the anodic and cathodic polarization resistance. 
The low anodic polarization resistance of Mg and its alloys as discussed 
earlier means that in general the galvanic corrosion of Mg and its alloys in 
contact with the other metals will be very severe. In theory, if the electronic 
resistance is large enough as when the anode and cathode are separated by 
an insulator, the macro-galvanic corrosion will be stopped. Unfortunately, 
the anode and cathode in practice are often connected electrically. 

For a given Mg alloy in a given solution, the corrosion potential and 
anodic polarization resistance of the alloy are already fixed. In this case, 
the corrosion potential and the cathodic polarization resistance of a coupled 
cathode metal will have a decisive influence on the severity of the galvanic 
corrosion (Song et al., 2004c). A metal with a noble potential and low 
cathodic polarization resistance will severely accelerate the corrosion of 
a Mg alloy if the metal is in contact with the alloy. It is well known that 
Fe, Co, Ni, Cu, W, Ag and Au, etc. are much nobler than Mg alloys in an 
aqueous solution and that they have relatively low hydrogen evolution over- 
potentials (lower than 500 mV). They can form galvanic corrosion couples 
with Mg alloys resulting in serious galvanic corrosion damage to Mg alloys. 
In practice aluminum, steel, galvanized steel and sometimes copper may be 
used together with Mg alloys. Among these metals, steel always has the 
most detrimental effect upon the corrosion of a Mg alloy and AI the least 
(Avedesian and Baker 1999; Song et al., 2004c). 

So far, many applied studies are focused on the compatibility of the 
materials (including fasteners) with Mg components based on the overall 
galvanic corrosion performance (Boese et al., 2001; Gao et al., 2000; Hawke, 
1987; Senf et al., 2000; Skar, 1999; Starostin et al., 2000; Teeple, 1956). 
However, in many practical applications, the distribution of galvanic current 
density J, over a component surface will be a big concern. For a simple 
one-dimensional galvanic couple of Mg alloy, an analytical prediction of 
galvanic current density distribution is possible (Gal-Or et al., 1973; Kennard 
and Waber, 1970; McCafferty, 1976, 1977; Melville, 1979, 1980; Waber, 
1955; Waber and Rosenbluth, 1955). It has been reported that the galvanic 
current density has an exponential distribution (Song ef al., 2004c) which 
was confirmed experimentally by directly measuring the distributions of 
galvanic current densities of a Mg alloy in contact with another metal under 
a standard salt spray condition using a specially designed ‘sandwich’-like 
galvanic corrosion probe (Song, 2008b; Song ef al., 2004b,c; Jia et al., 2006). 
An exponential distribution of galvanic current density (/,) with distance x 
can be theoretically deduced using a linear-transfer model (Song, 2010a; 
Song et al., 2004c). The theoretically predicted decreasing galvanic current 
as a function of the thickness of an insulating spacer (Song, 2010a) was 
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1.17 Theoretical and experimental dependence of Ig on the thickness 
of an insulating spacer (based on Song et al., 2004c, and Song, 
2009d). 


measured and experimentally confirmed (Song et al., 2004c) (referring to Fig. 
1.17), showing that galvanic corrosion attack can still occur even though the 
thickness of the insulating spacer between a Mg alloy and steel is as wide 
as 9cm under the standard salt spray condition (Song, 2005b, 2006; Song 
et al., 2004c). This result can also be derived by analyzing the non-linear 
polarization curves of the coupled anode and cathode (Song et al., 2004c). 

When the geometry of the galvanic couple becomes complicated, a computer 
modeling technique is an option to estimate the galvanic corrosion damage 
(Song and Atrens, 2002; Klingert et al., 1964; Doig and Flewitt, 1979; Fu, 
1982; Sautebin ef al., 1980; Helle et al., 1981; Kasper and April, 1983; 
Munn, 1982; Munn and Devereux 1991a,b; Miyaska et al., 1990; Aoki and 
Kishimoto, 1991; Hack, 1997). There are already a few successful studies 
on computer modeling of the galvanic corrosion of Mg alloys (Jia et al., 
(2003b, 2004, 2005a,b, 2007). It should be noted that due to the negative 
difference effect, alkalization effect, ‘poisoning’ effect, and ‘short-circuit’ 
effect (Song, 2005b, 2006; Song ef al., 2004c), it is not surprising that 
significant deviations are observed between computer-modeled data and 
experimentally measured galvanic corrosion results. 


1.6.4 Corrosion of Mg alloy 


The galvanic corrosion can also occur within an alloy if micro-anodes and 
cathodes are present in the alloy. Mg alloys are not uniform in terms of 
their composition, microstructure and even crystalline orientation. These 
differences can result in various electrochemical activities within a Mg alloy 
and thereby generate galvanic couples on a micro-scale. 
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Basically, the corrosion reactions over a Mg alloy are those anodic and 
cathodic processes discussed earlier. The activity of these reactions may vary 
from area to area, grain to grain and phase to phase. Some areas, grains, phases 
and particles may act as anodes while some as cathodes. Specifically, the Mg 
matrix with a lower content of alloying elements is always a micro-anode 
and is preferentially corroded (Song, 2007a; Song and Atrens, 2003). Many 
constituents, including impurity containing particles, intermetallic particles, 
secondary phases, and the matrix phase with a higher concentration of solid 
solutes, can act as micro-cathodes. Even in a single phase Mg alloy (i.e. Mg 
matrix phase), different sites, areas and grains can also act as micro-galvanic 
anodes and cathodes. Figure 1.18 schematically summarizes the micro-galvanic 
processes involved in the corrosion of a Mg alloy. Various micro-galvanic 
cells dominate the corrosion behavior of a Mg alloy. 


1.6.5 Micro-galvanic cell in a Mg alloy 


Generally speaking, the following factors should be considered in analyzing 
the micro-galvanic cell related corrosion of Mg alloys. 


Grain orientation 


Different grains can show varied corrosion rates. The corrosion depths of 
different crystal planes were found to vary on the three low index planes (Liu 
et al., 2008). The corrosion rate of a metal can be to some extent correlated 
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1.18 Corrosion model of Mg alloy with various micro-galvanic cells. 
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1.19 Corrosion resistance of a few typical crystal planes and their 
atomic densities (based on Liu et a/., 2008). 


with its surface energy (Abayarathna et al., 1991; Ashton and Hepworth, 
1968; Buck and Henry, 1957; Konig and Davepon, 2001; Weininger and 
Breiter, 1963) which is somewhat associated with the atomic density of 
a given crystal plane. For example, the lowest index plane (0001) has a 
significantly higher atomic density than (hki0) planes, thus it has the lowest 
surface energy and as such should be dissolved slower than the other surfaces 
(Liu et al., 2008) (refer to Fig. 1.19). 

A similar effect of grain orientation on corrosion rate is also found on 
AZ31B sheet (Song et al., 2010). Figure 1.20 shows that the rolling surface 
and the cross-section surface of AZ31B sheet have different hydrogen 
evolution rates. This can be due to the different grain orientations over the 
surface and cross-section. The rolling surface mainly consists of the lowest 
index plane (0001) while the cross-section surface has many (1010) and 
1120) orientated gains. 


Solid solution concentration 


In a Mg alloy, the matrix phase is a major constituent and always preferentially 
corroded. Solutes in the matrix have a significant influence on the corrosion 
behavior of the phase. For example, an Al containing Mg matrix phase can 
become more passive as the Al content increases (Song, 2005a; Song et 
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1.20 Hydrogen evolution over the surface and cross-sections of 
AZ31B sheet in 5 wt% NaCl solution. 


al., 2004a, 1998, 1999) and consequently, the corrosion rate of the Mg—Al 
matrix phase decreases as the Al content increases (see Fig. 1.15). The Al 
content in solid solution can vary from 1.5 wt% at the grain center to about 
12 wt% along the grain boundary in the vicinity of the phase (Dargusch 
et al., 1998). The difference in solid solution concentration can result in 
differences in corrosion potential and anodic/cathodic activity as shown in 
Fig. 1.7(d), which can lead to a micro-galvanic cell within a grain, causing 
preferential corrosion in the grain center (referring to Fig. 1.21) (Song and 
Atrens, 2002). 

Different corrosion damage can be observed in the group of non-Al 
containing alloys, but attributed to the same galvanic effect. The matrix 
of the alloys in this group typically contains some Zr as grain refiner. The 
distribution of Zr focused in the central area of a grain. Thus, the alloy is 
less corrosion resistant along the grain boundaries (referring to Fig. 1.22). 


Secondary phases 


Almost all the Mg intermetallic phases are more noble and also more stable 
than the Mg matrix in commercial Mg alloys (Nisancioglu ef al., 1990b; 
Song, 2007a; Song and Atrens, 2003; Song and StJohn, 2002; Song et al., 
1998, 1999). These phases can act as micro-galvanic cathodes to accelerate 
the corrosion of the matrix as well as acting as a corrosion barrier to retard or 
confine the corrosion development in a Mg alloy (Ambat et al., 2000; Lunder 
et al., 1989, 1993, 1995; Nisancioglu et al., 1990a; Uzan et al., 2000; Yim 
et al., 2001). Hence, it is proposed (Song, 2005a, 2007a; Song and Atrens, 
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1.21 Corrosion morphologies of AZ91E after 4 hour immersion in 5% 
NaCl (based on Song, 2005a). 


i 


1.22 Cross-section of ZE41 after 75 hours of immersion in 5 wt% 
NaCl solution. 


50 um 


1998, 2003; Song et al., 1999, 2004a) that the secondary phase plays a dual 
role in the corrosion of a Mg alloy (referring to Fig. 1.23). 

For example, the -phase in an AZ alloy can be either a corrosion barrier 
to retard corrosion or a galvanic cathode to accelerate corrosion, depending on 
the amount, distribution and continuity of the -phase. Finely and continuously 
distributed 6-phase is more effective in stopping the development of corrosion 
in an alloy, whereas the presence of a small amount of discontinuous -phase 
accelerates the corrosion. 

For non-Al-containing Mg alloys, the corrosion is more likely to occur 
adjacent to the secondary phases and the corrosion damage is easier to be 
confined within grains by a continuous secondary phase network along 
the grain boundaries (Song and StJohn, 2000, 2002). This dual-role model 
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1.23 Schematic illustration of the dual-role model of the secondary 
phase in a Mg alloy in its corrosion. 


for the secondary phase has now been widely employed to interpret the 
corrosion performance of many Mg alloys under various environmental 
conditions. 


Impurity 


A very small addition of impurities of Fe, Ni, Co or Cu can dramatically 
increase the corrosion rate of Mg or a Mg alloy through the micro-galvanic 
effect as discussed earlier (Hanawalt et al., 1942; Hillis and Murray, 1987; 
Lunder et al., 1995; Nisancioglu et al., 1990a). It is well known that higher 
purity can lead to higher corrosion resistance for Mg and Mg alloys (Aune, 
1983; Avedesian and Baker, 1999; Busk, 1987; Emley, 1966; Frey and 
Albright, 1984; Froats et al., 1987; Hillis, 1983). 

Impurities have a tolerance limit, below which their detrimental effect 
is insignificant. For an impurity, its tolerance limits can be associated with 
its solubility in a Mg alloy. When these impurities are below a critical 
concentration (e.g. their solubility in the matrix phase), they are present in the 
form of solutes in Mg solid solutions. No micro-galvanic cells between the 
impurities and Mg matrix can be formed and hence they have no significant 
detrimental effect. It has been claimed that there is a rough correspondence 
between critical concentrations and the solubility of some elements in Mg 
alloys (Sheldon Roberts, 1960). Liu et al. (2008) calculated that Fe tolerance 
limit in Mg corresponds well to the solubility of Fe in Mg. 

Alloying elements present in Mg can shift the eutectic point and thus alter 
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the impurity tolerance limit (Emley, 1966). For example, with a higher addition 
of Al in Mg, Fe and Al can combine to form Fe—Al! phase (ie. FeA13) particles 
which precipitate and act as galvanic cathodes to accelerate the corrosion 
of Mg—Al alloys (Hawke, 1975; Linder et al., 1989; Loose, 1946). This is 
why the tolerance limit is about 5 ppm Fe for a Mg alloy with 7% AI while 
the limit becomes too low to be determined when the Al concentration is 
increased to 10 wt% (Loose, 1946). It also accounts for different Mg alloys 
having different impurity tolerance limits (Albright, 1988; Song, 2007a). If 
the addition of Mn or Zr in a Mg alloy exceeds the solubility, the corrosion 
can accelerate due to the galvanic effect of their precipitates (Song, 2005b, 
2006). However, an adequate addition of Mn or Zr can effectively reduce 
the detrimental effect of impurities in Mg alloys (Emley, 1966; Froats et 
al., 1987; Hillis, 1983; Makar and Kruger, 1993; Polmear, 1992). Fe/Mn 
ratio has been found to be a critical factor (Hillis and Shook, 1989; Zamin, 
1981) determining the tolerance limit. A nearly direct proportionality was 
observed between the Fe/Mn ratio and the corrosion rate (Nisancioglu et al., 
1990a). Similarly, the addition of Zr can lead to a higher purity and hence 
a more corrosion resistant Mg alloy. 

In practice, impurities do not always exist inside a Mg alloy. They can 
be external contaminants on the surface. It is found that such a surface 
contamination can lead to over 30-fold higher corrosion rate for AZ31B 
alloy (Song and Xu, 2010). 

It should be stressed that some tiny intermetallic phase particles that may 
or may not contain the impurity elements may also have a similar detrimental 
effect if their corrosion potential is noble enough. For example, it was recently 
found that the presence of tiny Al-Mn(Fe) intermetallic particles in AZ31 
can significantly influence the corrosion performance of the alloy (Song and 
Xu, 2010). 


1.6.6 Corrosion performance 


In applications, the biggest concern about corrosion of Mg alloys is the 
localized or non-uniform damage. 

Owing to the micro-galvanic effect or electrochemical non-uniformity 
inevitable in Mg and its alloys, the corrosion damage cannot be uniform. The 
differences in orientation of grain and distribution of alloying element in the 
matrix phase, and the presence of secondary phase and impurity particles, can 
result in an uneven distribution of micro-anodes and micro-cathodes in a Mg 
alloy, leading to nonuniform or localized corrosion damage. The localized 
corrosion or non-uniform damage can also be caused by more intense anodic 
and cathodic reactions in a corroding area than in an uncorroded area, and 
thus corrosion progresses non-uniformly in some local areas. Severe localized 
corrosion can even result in particle undermining which is often observed for 


© Woodhead Publishing Limited, 2011 


52 Corrosion of magnesium alloys 


peal 


1.24 Schematic diagram of non-uniform (localized) corrosion and 
particle undermining. 
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corroding Mg and its alloys. Figure 1.24 schematically illustrates a localized 
corrosion-induced particle undermining process. 

Although localized corrosion is an important corrosion feature of Mg and 
its alloys, it does not mean that this type of corrosion is a pitting process. 
The localized corrosion of Mg and its alloy in most environments is initiated 
from some film-free sites as discussed earlier and typically in the form of 
tiny irregular localized pits which then spread laterally over the surface. In 
contrast to typical pitting corrosion, the localized corrosion of Mg or a Mg 
alloy does not penetrate deeply. This is a result of the alkalization effect at 
the tips of the corroding pits which prevents the solution at the tips from 
acidifying or forming occlusive auto-catalytic cells. In other words, the 
corrosion of Mg and its alloys leads to alkalization of the solution and the 
alkalization in turn reduces the anodic dissolution of Mg at the corrosion 
(pitting) tips (see Fig. 1.7(a)). Therefore, there is no way for an auto-catalytic 
corrosion cell to establish at the corrosion tips to maintain a pitting process. 
The inherent self-limiting corrosion development tends to result in relatively 
widespread corrosion damage although the spreading degree of corrosion 
can vary markedly from alloy to alloy. That is why the ‘pitting’ corrosion 
of Mg and its alloys, as stated earlier, is not a real pitting process. 

For a conventional metal, it is quite common that an inter-granular zone 
or the secondary phase is more active than a grain interior and hence inter- 
granular corrosion damage can result. That is why some AI alloys and stainless 
steels are highly susceptible to the inter-granular corrosion. However, this 
type of inter-granular corrosion does not occur to many Mg alloys, because 
the inter-granular phases or the phases distributed along the grain boundaries 
are more corrosion resistant than the Mg alloy matrix. Sometimes, the matrix 
phase adjacent to the grain boundaries may be more severely corroded for 
some Mg alloys with Zr as a grain refiner. However, this is not real inter- 
granular corrosion as the inter-granular phases (secondary phases) are still 
intact. What is corroded is the matrix phase of the grains. 

For conventional metals, particularly high passivity metals, the difference 
in oxygen concentration in solution can sometimes lead to severe crevice 
corrosion damage. However, this does not happen to Mg and its alloys since 
they are not sensitive to crevice corrosion attack (Song, 2005b, 2006; Song 


© Woodhead Publishing Limited, 2011 


Corrosion electrochemistry of magnesium (Mg) and its alloys 53 


and Atrens, 2000). According to corrosion reaction (1.79) or (1.80), hydrogen 
evolution is mainly responsible for the corrosion, not oxygen. Hence, even if 
there is a difference in oxygen concentration inside and outside a crevice; it 
cannot lead to a significant galvanic effect and to result in significant crevice 
corrosion damage. In practice, more severe corrosion may sometimes be 
observed in crevices of a Mg alloy. However, this is mainly a result of the 
accumulation of moisture in the crevices, thus the section of the Mg alloy 
within a crevice is exposed to the corrosive solution significantly longer as 
compared to the section outside the crevice. In this case, the corrosion in the 
crevices actually does not follow the traditional crevice corrosion mechanism 
that involves oxygen depletion and acidification inside a crevice. 

Apart from the localized corrosion damage, the overall corrosion 
performance is another concern in Mg applications. Different Mg alloys 
should have different corrosion rates even in the same environment because 
of their different compositions and microstructures. 

Table 1.6 lists corrosion rates of some typical Mg alloys which have a 
very wide variety of corrosion resistance. Alloys even with similar levels of 
alloying elements have largely scattered corrosion rates. This is not surprising 
considering that their impurity levels, distributions of chemical composition 
and phase may be considerably different while their chemical compositions 
are the same. It is well known that without changing the purity and chemical 
composition, T4, T5 or T6 heat treatment can significantly modify the corrosion 
resistance of some Mg alloys (Shi et al., 2003a, 2005, 2006c; Song, 2005b, 
2006; Song et al., 2004a,b; Zhao et al., 2008a,b,c). Generally speaking, 
high-purity Mg or a Mg alloy has relatively good corrosion performance. 
For example, a high-purity Mg alloy in air can sometimes be even better 
than mild steel in terms of the general corrosion resistance. 

From an environmental perspective, the chemical composition and pH 
value of an electrolyte are most critical to the corrosion performance of 
Mg and its alloys. Any other factors which affect these two variables can 
certainly influence the corrosion. A general rule is that Mg and its alloys are 
more corrosion resistant in a high alkaline and low chloride concentration 
solution. Many chemicals in solution can significantly affect the corrosion 
resistance of Mg alloys which has been summarized previously (Song, 2006; 
Song and Atrens, 1999) and will not be repeated in this chapter. 

During atmospheric exposure, the corrosion of Mg and its alloys is 
relatively uniform while under an immersed condition the damage tends 
to be localized. This is a result of the micro-galvanic effect within a Mg 
alloy having greater significance under a condition of immersion versus an 
atmospheric condition. Mg and its alloys normally suffer severe corrosion 
damage under a salt immersion test than under a salt spray test (assuming 
the same concentration of NaCl solution). Figure 1.25 shows the difference 
in corrosion rates of Mg alloys under salt spray and salt immersion test 
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Table 1.6 Typical corrosion rates of Mg alloys (Liu et a/., 2008) 


Alloy Corrosion test Corrosion rate 
(mg/cm?/d) 
LP Mg 3.5% NaCl immersion 310 
CP Mg 5% NaCl immersion 12 
LP Mg 1 N NaCl (pH 11) immersion 24 
Pure Mg 0.1M NaCl immersion 0.03-0.095 
HP Mg 1 N NaCl (pH 11) immersion 0.52 
HP Mg 1 N NaCl immersion 0.44 
HP Mg 5% NaCl immersion 3.6 
Cast HP Mg 3% NaCl immeriosn 0.4 
Cast HP Mg 3% NaCl immersion 0.8 
HP Mg, 1d 550°C 3% NaCl immersion 3.6 
HP Mg, 2d 550°C 3% NaCl immersion 4.5 
Mg-Al alloys 5% NaCl immersion 125-225 
Mg1Al 5% NaCl immersion ~2.4 
Mg-1Al 3% NaCl immersion 20 
Mg-2Al 3% NaCl immersion 40 
Mg-2%Al 1 N NaCl (pH 11) immersion 52 
AZ31 3.5% NaCl immersion 5.5 
Mg-4Al 3% NaCl immersion 40 
Mg-6Al 3% NaCl immerson 40 
Mg-9Al 3% NaCl immersion 40 
Mg-12Al 3% NaCl immersion 50 
MgbAI 5% NaCl immersion ~100 
AZ80 3.5% NaCl immersion 0.074 
Mg-9%Al 1 N NaCl (pH 11) immersion 46 
Mg-9Al 3.5% NaCl immersion 4.4 
Mg9AI0.2Ho 3.5% NaCl immersion 0.3 
Mg9AI0.4Ho 3.5% NaCl immersion 0.3 
HP AZ91 1 N NaCl (pH 11) immersion 5.6 
AZ91 Standard salt spray 7.05 
AZ91 5% NaCl immersion 1-2 
AZ91 3.5% NaCl immersion 2.7 
AZ91 Standard salt spray 7.4 
AZ89 3.5% NaCl immersion 0.2 
AZ91D 3.5% NaCl immersion 2.7 
AZ91D Standard salt spray 0.5 
AZ91D 5% NaCl immersion 1-3 
AZ91D 3.5% NaCl immersion 1.4 
AZ91D 1 N NaCl (pH 11) immersion 0.3-2.6 
AZ91D 3.5% NaCl immersion 0.089 
AZ91D 1 N NaCl immersion 3.1 
AZ91D-DC Standard salt spray 0.01 
AZ91D-T6 Standard salt spray 3 
Mg10Al 5% NaCl immersion ~130 
Mg22Al 5% NaCl immersion ~5 
Mg41Al 5% NaCl immersion ~0 
Mg-0.5Al 3% NaCl immerison 20 
ZE41 1 N NaCl immersion 5.9 
MEZu 5% NaCl immersion ~10 
MEZpR 5% NaCl immersion ~1 
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1.25 Corrosion rate of Mg alloys under salt (5 wt% NaCl) immersion 
test (SIT) condition for 6 hours and salt spray test (SST) condition for 
21 hours (based on Shi et a/., 2006c). 


conditions. It is different from the corrosion behavior of a conventional 
metal. For example, steel has a higher corrosion rate in a salt spray test 
compared with an immersion test. The different corrosion behaviors between 
conventional metals and Mg alloys by salt spray and salt immersion methods 
originate from their different cathodic processes. Oxygen reduction is the main 
cathodic reaction in the corrosion of conventional metals and this cathodic 
process can be significantly enhanced under a salt spray condition. For Mg 
and its alloys, as discussed earlier, oxygen reduction is not as important as 
hydrogen evolution during corrosion. An immersion condition is certainly 
more favorable for hydrogen evolution than salt spraying. 

Another possible reason for the relatively high corrosion rate of Mg or 
a Mg alloy under salt immersion as compared to salt spray testing could be 
the difficulty for Mg(OH), to deposit on the surface under an immersion 
condition. The solubility of Mg(OH), is not very high, so Mg(OH), is easy to 
deposit on a Mg surface under spray conditions because only limited amount 
of solution can stay on the surface, whereas under an immersion condition, 
dissolved Mg”* can migrate relatively easily from the surface into the bulk 
solution, particularly when the migration is further facilitated by hydrogen 
evolution from a corroding surface. Hence, the formation or deposition of 
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Mg(OH), on the surface is relatively difficult. Figure 1.26 shows evidence of 
this difference. Under the salt spray immersion the corrosion rate increased 
significantly with time because of an enlarged corroding surface area, but 
under the salt spray condition the tendency for increased corrosion became 
insignificant and in some cases even decreased with time due to the deposition 
of Mg(OH)>. 

Recently, biodegradable Mg alloys have become a hot topic and some 
progress has been made in this area (Song, 2007a; Witte et al., 2006). Because 
of their toxicity to the human body, many traditional alloying elements have 
to be abandoned. However, it has been proposed (Song, 2007a) that the 
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1.26 Weight loss and weight loss rates of MEZy and MEZp under (a) 
salt (5 wt% NaCl) spraying and (b) immersion conditions (Song and 
StJohn, 2002). 
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Mg-Zn-Mn series alloys should have potential to develop into a successful 
biodegradable implant material. It is also suggested that an anodized coating 
on a Mg alloy can be employed to control the biodegradation and hydrogen 
evolution rates (Song, 2007b; Song and Song, 2007). However, the corrosion 
mechanism of the new alloys in the body fluid has not been well understood, 
and requires further systematic investigation. 
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Activity and passivity of magnesium (Mg) 
and its alloys 


E. GHALI, Université Laval, Canada 


Abstract: Thermodynamic equilibrium cannot exist for magnesium (Mg) in 
aqueous solution: however, this is possible if the hydrogen overpotential is 
about | V and the pH is greater than 5. Corrosion potential is slightly more 
negative than —1.5 V/standard hydrogen electrode (SHE) in dilute chloride 
solutions. The passive film formed in water after 48h of immersion contains 
a hydrated inner cellular layer (0.4—0.6 1m), dense intermediate layer 
(20-40 nm), and outer layer with plate-like morphology (1.8—2.2 um). The 
Pilling—Bedworth ratio of MgO/Mg is 0.81, while that of brucite ‘Mg(OH),’ 
is 1.77. The influence of pH, oxygen, Cl and the negative difference effect 
on corrosion resistance is discussed as well as some promising factors that 
can improve the quality of the passive state. An overview of the influence of 
the active and passive states on the seven forms of corrosion of magnesium 
and its alloys in aqueous media is given. Localized galvanic, filiform 

and pitting corrosion are three frequent types of the passive magnesium. 
Magnesium is promising as a biodegradable material for human implants. 
The performance of pure and alloyed magnesium as sacrificial anode is 
commented for some key uses. Evaluation of the sacrificial behavior is also 
discussed. 


Key words: passive film, E—pH diagram, galvanic corrosion, pitting 
corrosion, localized corrosion, open circuit potential, corrosion rate, 
biodegradable Mg, sacrificial Mg. 


2.1 Active and passive behaviors of magnesium 
(Mg) and its alloys 

Magnesium (Mg) has interesting active and passive behaviors; however, in 
several conditions of service, its passive properties do not meet the required 
efficiency. 

Magnesium is a very base metal and the whole domain of stability of 
magnesium in de-aerated water is far below that of water. Thus it acts as a 
powerful reducing agent for hydrogen ions (Pourbaix, 1974). 


2.1.1. Pourbaix and Perrault E-pH diagrams 
Mg dissolution is considered traditionally in the divalent state: 


Mg**+2e°@ Mg = E° = -2.37V pa 
66 
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The probable primary overall corrosion reaction for magnesium in aqueous 
solutions is: 


Mg(s) + 2H,O(/) @ Mg(OH),(s) + H>(g) 2.2 


Makar and Kruger (1993) considered the key reactions leading to the diagram 
in Fig. 2.1 originated by Perrault (1974, 1978). This diagram corresponds to 
the Mg—H,0 system in the presence of H, molecules at 25°C and considers 
the reactions of hydride-ion and hydride-hydroxide formation: 


MgH, @ Mg** + 2H* + 4e7 E® = - 1.114 V/SHE 25 
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2.1 E-pH diagram of Mg showing the stability domains of the Mg 
compounds in aqueous solutions with hydrogen overvoltage of 

1V at 25°C and atmospheric pressure (Perrault, 1974, 1978). Line 

A represents potentials below which hydrogen is evolved, line B is 
parallel to A above which hydrogen is evolved, C is the intersection 
of reaction 6 with the line B. 6 and 7 concern the electrochemical 
reactions of MgH, to give magnesium ions or magnesium hydroxide, 
respectively as a function of pH. 14 is the chemical stability reaction 
of Mg2* and Mg(OH), as a function of pH. 
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MgH, + 20H~ @ Mg(OH), + 2H* + 4e~ E°= — 1.256 V/SHE 2.4 


He assumed that thermodynamic equilibrium cannot exist for a magnesium 
electrode in contact with aqueous solutions. Such equilibrium is, however, 
possible if the hydrogen overpotential is about | V and the pH is greater than 
5 (Fig. 2.1). This is supported by the fact that magnesium has a standard 
electrode potential at 25°C of —2.37V, and the corrosion potential of 
magnesium is slightly more negative than —1.5 V in dilute chloride solution 
or a neutral solution with respect to the standard hydrogen electrode due to 
the polarization of the formed Mg(OH), film. This indicates that the metal 
corrodes with an accompanying fairly stable film of rather low conductivity 
even in acidic solutions. Dissolution could occur through the pores of the 
passive hydroxide film (if present) or the dissolution of the film itself. 
There is no equilibrium because of kinetic considerations that depend on 
the metal, the properties of the interface metal/solution, the level of open 
circuit corrosion potential, the presence of an oxidant as hydrogen peroxide, 
and cathodic or anodic polarization (Perrault, 1974, 1978). 

The cathodic reaction — the hydrogen evolution reaction — is shown in 
the E-pH diagram (Fig. 2.1): 


2H* + 2e © Hy E =-0.0592 pH 2.5 


At higher pH values, this reaction can be expressed as a function of an 
intermediate adsorption step as follows: H10 +e © H,4, + OH. 

The influence of oxygen as de-polarizer of the cathodic reaction in solutions 
saturated with atmospheric oxygen, as well as another strong oxidant can be 
expressed as: 

In acidic medium: 


2Haas + 40. OD YAH, + %H,O 2.6a 
and/or in alkaline one: 
1 
Haas + %H,O + ml O, +e i) TH + OH™ 2.6b 


There is also the evident chemical reaction of formation of hydroxide instead 
of oxide; however, this does not exclude the possibility to find oxides in the 
passive layer (Fig. 2.1): 


Mg** + 20H” @ Mg(OH), _—_ log(Mg”*) = 16.95 — 2pH 2.7 


Two important considerations can be mentioned from the E—-pH diagram. 
The Mg* ion 


The admittance of the possible existence of the monovalent Mg ion and its 
domain of existence as function of pH are considered as follows: 
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Mgt @ Mg* +e ~— E° = -2.067 V/NHE 2.8 
Mg* + 20H" @ Mg(OH), +e" ~—- E® = -2.720 V/NHE 2.9a 
Mg* + 2H,O @ Mg(OH), + 2H* +e E° =-1.065 V/NHE 2.9b 


The kinetic steps of the formation and oxidation of monovalent Mg ion can 
be (Ardelean et al., 1999): 


Mg @ Mgia, +e or Mg +OH @ MgOH,g, + &- 2.10a 
Mga, +H,0 @ Mg** + 4H, + OH 2.10b 


The presence of the divalent magnesium hydride 


The following reactions of electrochemical dissolution of hydride to monovalent 
and divalent ions are not shown in the E—pH diagram because of instability 
or the overpotential. 


MgH, @ Mg* + H) +7 F® = -2.304 V/SHE 2.11 
MgH, @ Mg”* + H, + 2e7 E® = -2.186 V/SHE 2.12 
MgH, + 20H” @ Mg(OH), + H> + 2e° E° = -2.512 V/SHE 2.13 


The overall electrochemical reaction cannot explain its corrosion rate in 
frequent conditions. The electrochemical dissolution of magnesium can be 
carried out through two successive steps: the electrochemical formation 
of Mg* and its oxidation to a divalent ion through hydrogen ion reduction 
(chemical reaction) or the electrochemical formation of divalent ion directly 
or both. The mechanism of dissolution can depend also on the stability of 
magnesium dihydride as a function of pH at the interface. 

The E-pH diagram shows that there is possible protection of magnesium 
at high pH values starting at 8.5 when the activity of Mg ions is equal to 
1 mol at 25°C under atmospheric pressure while the aluminum oxide film is 
stable in the pH range of 4.0 to 9.0 (Pourbaix, 1974). At acidic and neutral 
pH, the barrier layer on magnesium is difficult to detect; however, at pH 
9, a thick white precipitate of magnesium hydroxide begins to form on the 
outside of the inner film. This surface film protects magnesium in alkaline 
environments and poorly buffered environments where the surface pH can 
increase gradually at least until the relatively high pH of magnesium hydroxide 
formation (10.45) allows magnesium to resist strong bases (Hawke et al., 
1999). 


Thermodynamic and practical nobility of magnesium 


The Nernst scale of ‘solution potentials’ permits the metals to be classified in 
order of ‘thermodynamic nobility’ according to the value of the equilibrium 
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potential of their reaction of dissolution in the form of a simple given ion 
considered in the standard state (1 ion g/L). The more positive the reduction 
potential of metal at 25 °C and atmospheric pressure, the more the metal will 
be stable according to thermodynamic classification. 

Considering arbitrarily that the passive films are perfectly protective, it 
is admitted that a metal is practically more noble the greater the surface 
common both to the total of the immunity and passivation domains and to 
the stability domain of water. This is known as ‘practical nobility’ (Pourbaix, 
1974). It has been accepted that this ‘practical nobility’ is greater the 
more the immunity and passivation domains extend below and above the 
stability domain of water, and the more these domains overlap the section 
of the diagrams which corresponds to pH values between 4 and 10 (most 
frequently met with in practice). The classification of the 43 elements on one 
hand according to ‘thermodynamic nobility’, and on the other according to 
“practical nobility’, was then made. AN is the difference between practical 
nobility of an element and its thermodynamic nobility classification order. 
When AN is negative, this means that the metal loses its place in considering 
active—passive behavior (practical nobility) as compared with ‘thermodynamic 
nobility’. Iron, for example, when it is positive, gains higher classification 
because of its better projected passive domains. This is especially true for 
passive metals such as aluminum and titanium. 

It is interesting to compare the order of nobility of magnesium with 
some other current metals such as Al, Ti and Fe. Figure 2.2 gives AN, i.e. 
expresses the difference between the practical nobility of 9 metals and the 


AN 


Mg Al Zr Ti 


5 -3 -3 -3 


=10— Metals 


2.2 Comparison of AN (practical nobility - thermodynamic nobility) of 
Mg and that of eight other elements Au, Cu, Fe, Al, Zn, Mn, Zr and Ti 
as deduced from Pourbaix E-—pH diagrams (Ghali, 2010). (Positive AN 
indicates better possible projected performance due to passivity.) 
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thermodynamic order of nobility inspired from Pourbaix classification of 
order of nobility of 43 metals. 

Gold or the top metal goes down to the fourth place and loses three points 
as well as another relatively less noble metal as copper (AN). Also, active 
metals such as iron, zinc and manganese equally lose their order of nobility 
in practice. It is interesting to note that aluminum gains 20 points (from 39 in 
thermodynamic nobility to 19 in practical nobility) influenced largely by its 
active-passive behavior and this is also the trend of zirconium and titanium. 
Magnesium gains and is up two steps from 43 to 41 in the order of nobility 
but far below that of the mentioned three metals. Hopefully, a breakthrough 
in research could lead to better passive Mg alloys (Ghali, 2010). 


2.1.2. Formation and properties of the barrier film 


Magnesium exposed to air is covered by a gray oxide film, which can offer 
considerable protection to magnesium exposed to atmospheric corrosion in 
rural, most industrial and marine environments. The morphology and structure 
of oxide films on magnesium, formed by immersion in distilled water after 
48 hours, have been shown to be composed of three layers. Transmission 
electron microscopy (TEM) of naturally formed oxide cross-sections on pure 
magnesium indicates that the oxide formed in dry air was apparently thin, 
dense and stable. In humid air, a hydrated layer forms between the metal and 
the initial layer as a result of water ingress and metal oxidation. The film 
formed in water after 48h of immersion contains a hydrated inner cellular 
layer (0.40.6 um), an apparently dense intermediate layer (20-40 nm), and 
an additional outer layer with plate-like morphology (1.8—2.2 um) (Fig. 2.3) 
(Nordlien et al., 1995, 1996, 1997). 


2.2 Passive properties and stability 
2.2.1 High temperature oxidation of magnesium 


The Pilling—Bedworth ratio (PBR) of MgO/Mg is 0.81, meaning that the 
scale is formed under tension and tends not to be protective, while that of 
brucite ‘Mg(OH),’ is 1.77, which indicates a resistant film in compression 
(Ghali, 2000). Due to the PBR value (less than 1), the oxide scale cannot 
form a compact layer generally. The inherent strength of the thin MgO film 
in which stress is operating is an essentially two-dimensional system; and the 
oxide can withstand the tensile stress necessary to adapt to the dimensions of 
the metal. Rupturing occurs only after the film exceeds a critical thickness 
as a function of longer times of exposure to high temperatures. 

The diffusivity D of Mg within the MgO lattice at 400°C is as low as 
2.24 1078 m/s, justifying negligible weight gains. The oxidation rate of 
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2.3 Schematic showing the three passive layers on polished strips of 
pure magnesium after immersion in distilled water for 48h (Nordlien 
et al., 1995). 


magnesium in oxygen increases with temperature and at elevated temperature 
(approaching melting), the oxidation rate of magnesium in oxygen is a linear 
function of time (Shaw and Wolfe, 2005). The commercial AZ91D Mg alloy 
tested at 197°C did not increase its weight over time periods as long as 10h. 
The measurement conducted at 437°C revealed an accelerated weight gain 
after ~ 30 min of the reaction and this indicates that the protective capacity 
of the oxide barrier disappears progressively at a critical temperature zone 
(Czerwinski, 2003). 

Dry chlorine, iodine, bromine and fluorine cause little or no corrosion 
of magnesium at room or slightly elevated temperature. The presence of a 
small amount of water causes pronounced attack by chlorine, some attack 
by iodine and bromine, and negligible attack by fluorine. The presence of 
BF; or SF¢ in the ambient atmosphere is particularly effective in suppressing 
high-temperature oxidation up to and including the temperature at which the 
alloy normally ignites. 


2.2.2. Aqueous media 


The corrosion product film on magnesium starts at neutral pH and is stabilized 
with the increase of pH. This causes the lustrous metal to assume a dull gray 
appearance when exposed to air. The film is amorphous and exposure to humid 
air or to water leads to the formation of a thick hydrated amorphous film that 
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has an oxidation rate less than 0.01 mm/yr. The corrosion rate of chemically 
pure magnesium in salt water is in the range of 0.30 mm/yr (Nordlien et al., 
1996). The quasi-passive hydroxide film on magnesium is much less stable 
than the passive films formed on aluminum or stainless steels but better than 
that of iron and low carbon steels (Song and Atrens, 1999). 

The film formed in air immediately after scratching the metal surface is 
initially thin, dense, amorphous and relatively dehydrated. The oxide thickness 
on pure magnesium after exposure for only ~10 seconds at ambient is 2.2 
+ 0.3nm (~ seven monolayers of MgO) and increases slowly, linearly with 
the logarithm of exposure during a test of a period of 10 months (McIntyre 
and Chen, 1998). Continuing exposure to humid air or to water leads to the 
formation of a thicker hydrated film adjacent to the metal; e.g. for exposure 
to humid air with ~ 65% relative humidity during 4 days gives 100-150 nm 
thickness (Nordlien et al., 1995). In case of aluminum, the air-formed film 
on the surface is amorphous aluminum oxide and appears to reach a terminal 
thickness of 2 to 4nm at room temperature after 1 hour exposure (McIntyre 
and Chen, 1998). 


2.2.3 Critical evaluation of the passive layer 


The passive film has the advantage of effective stability for a broad zone of 
pH in the alkaline medium which is not the case of aluminum alloys that 
are vulnerable to cathodic corrosion and alkaline pitting. The solubility of 
the metal as related to the concentration of log Mg** in solution decreases 
linearly with pH starting at pH 8.5 approximately. The advantages of the 
mechanism of passivation of magnesium and its alloys are that the pH goes 
to alkaline, stabilizing the passive film and self-limiting serious types of 
corrosion as pitting corrosion, etc. However, the passive region is not perfect 
especially at low buffered pH values (Shaw and Wolfe, 2005). There are 
some main processes of concern of the film quality of protection against 
general or localized corrosion as follows: 


e As MgO readily reacts with water to form Mg(OH),, a partial blocking 
of the pores occurs at the beginning accompanied by an increase in the 
film resistance since the molar volume of Mg(OH), is larger than that of 
MgO. Further formation of Mg(OH), inside the oxide film could change 
the mechanical stresses within the oxide film and the film undergoes 
compressive rupture, causing some cracks to develop. The oxide film 
eventually fails by spilling or flaking (Froes et al., 1989; Shaw, 2003; 
Xia et al., 2003). 

e Even at high pH, the corrosion product film of magnesium hydroxide 
(brucite) is only semi-protective. The outer layer of the passive film 
with plate-like morphology allows for the ingress of electrolyte to the 
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metal underneath. The corrosion resistance of the protective passive 
film is considered to be highly insensitive to the oxygen concentration 
but depends enormously on the sites of hydrogen discharge composed 
frequently of alloyed metals and different phases that can create local 
active galvanic corrosion cells (Shaw, 2003). 

There is the possibility of conversion of the protective surface film 
during atmospheric corrosion to soluble films such as bicarbonates, 
sulfites and sulfates that can be washed away by acid rain, agitation or 
any other flowing liquids (Ferrando, 1989). However, carbon dioxide 
and sulfur dioxide play an important role in the stability and composition 
of the film. A mixture of crystalline hydroxycarbonates of magnesium 
hydromagnesite, MgCO3-Mg(OH)>,-9H,0, nesquehonite MgCO;-3H,O0 
and lansfordite MgCO3;-5H,0O is reported to be an oxidation product of 
magnesium; hydromagnesite and hydrotalcite Mg¢.A>(OH),6CO3°4H,0 
are formed on AZ31B. In an industrial atmosphere with high SO, content, 
traces of MgSO,:6H,O and MgSO;-6H,O were detected in addition to 
the hydroxy-carbonate products for unalloyed ingot (Hillis, 1995). 
Passivity of magnesium is destroyed by several anions, including chloride, 
bromide, sulfate, nitrate and perchlorate. Chlorides, even in small amounts, 
usually break down the protective film on magnesium. The ability of an 
anion to reduce the Mg potential appears to depend on the solubility of 
its Mg salt. In the presence of salt solutions of these anions, the open 
circuit potential (OCP) of magnesium or alloys becomes several tenths 
of a volt active to the hydrogen electrode potential. Hydrogen discharge 
becomes the controlling factor on effective sites as elements of low 
hydrogen overvoltage other than that of the hydroxide film itself because 
of its poor electronic conduction (Ferrando, 1989). Robinson and King 
(1961) suggested that anions are carried by electrochemical transport 
to anodic sites on the metal surface, where they form magnesium salts 
which are acidic to the magnesium hydroxide film. The rapid uniform 
corrosion rate observed in 3M MgCl, at a less noble electrode potential 
supports this mechanism. 


Improvements and promising avenues of the 
passive behavior 


2.3.1 Alloying and passivity 


Alloying can increase passivity by incorporation of some components 
which stabilize the oxide as in the case of aluminum. Improvements in 
corrosion resistance have been found to correlate with an increase in the 
concentration of the alloying element or its oxide in the passive film and 
upgrade the passive behavior of Mg and its alloys (Shaw and Wolfe, 2005). 
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Such components either have appreciable solid solution solubility with 
the magnesium matrix (aluminum for example) or they are only sparingly 
soluble such as manganese and the rare earth metals (Nordlien et al., 1996). 
On the other hand, reduction of the heavy metal content and application of 
appropriate heat treatments have already, led at least partially, to increased 
corrosion resistance of certain Mg alloys. Amorphous oxides are in general 
considered to have much better passive properties than crystalline ones and 
stability of the inner layer on magnesium is responsible for the passivity of 
the surface in aqueous environments. 

It has been stated that an increase in the Al content of the alloy to or above 
4% causes an important increase of the Al content of the inner layer, leading 
to an Al/Mg weight ratio of about 35%. It also reduces the thickness of the 
inner layer by almost an order of magnitude but not as dramatically as the 
thickness of the platelet layer and consequently the inner layer becomes the 
thicker layer of an overall thinner film. It has been proven that the reduced 
thickness leads to reduced hydration and better corrosion resistance (Nordlien 
et al., 1996). It will be interesting to examine the stability of these oxides for 
high pH values above 11.5, for example where MgO can be more stable than 
Al,O3. Frequently, the important presence of magnesium and its oxide in the 
passive film leads to less noble electrode potentials in alkaline medium. 


2.3.2. Influence of inhibitors 


General uniform corrosion on pure magnesium has been drastically reduced 
by the use of inhibitors such as chromate, dichromate, molybdate, nitrate, 
phosphates and vanadates that promote the formation of a protective layer, 
tend to retard corrosion (Ghali, 2006). Addition of substances that can form 
soluble complexes as tartrate, metaphosphate, etc. or insoluble salts as oxalate, 
carbonate, phosphate, fluoride, etc. is efficient at reducing corrosion. Adding 
soluble chromates, neutral fluorides or rare earth metal salts is effective in 
reducing magnesium-base metal corrosion (Schmutz et al., 2003). 

At room temperature, ethylene glycol solutions produce negligible 
corrosion of magnesium that is used alone or galvanically connected to 
steel; at elevated temperatures, such as 115°C (240°F), the rate increases, 
and corrosion occurs unless proper inhibitors are added. The corrosion of 
magnesium in ethylene glycol can be effectively inhibited by addition of 
fluorides that react with magnesium and form a protective film on the surface 
(Kaesche, 1974; Uhlig, 1970). 

At room temperature, an insoluble passive MgF, film was generated on 
the surface of Mg alloy activated in HF solution and the mass of magnesium 
alloy treated in different concentrations of HF acid (10-70%) increased as 
function of time. When the mass ratio of Mg/F in the film was 11.3:1, the 
mass of the deposited MgF, film reached a constant value. The passive film 
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can protect the alloy in fluoride solutions through the adsorption of HF, 
H.,F3 and H3F, ions. However, no such film can protect the substrate in 
non-fluoride solutions (Li et al., 2009). 


2.3.3. Anodized and oxidized films 


A thick and protective oxide—hydroxide layer on magnesium is formed by 
different techniques. The characteristics of the oxide film formed on an 
Mg-based WE43 alloy using an AC/DC anodization technique in an alkaline 
silicate solution at 30mA/cm? for Smin, followed by 25min decreasing 
current, have been investigated. The anodic oxide film formed in alkaline 
silicate anodizing bath is composed of MgO, Mg(OH),, SiO, and MgF,, with 
the molar ratio of MgO to Mg(OH), being close to 2:1. The interpretation of 
the AC impedance technique and OCP measurements of corrosion kinetics 
suggests the presence of three stages: the initial hydration of MgO, the 
blocking of film pores as MgO begins hydrated, and then the formation of 
cracks and dissolution of Mg(OH), into pores and the solution (Shaw, 2003; 
Xia et al., 2003). Also, fluoride anodizing of magnesium and its alloys is 
frequently chosen when complete removal of the contaminant is essential 
(Shaw, 2003). 

Micro-arc oxidation (MAO) or micro-plasma oxidation is a surface 
treatment method used to form an oxide coating by anodic spark deposition 
on Al, Ti and Mg alloys in a suitable electrolyte with a high anodic applied 
voltage (400-600 V). During the MAO process, a plasma environment is 
generated by spark discharge at a high anodic applied voltage giving rise to 
a series of plasma thermochemical interactions between the substrate and the 
electrolyte. Bai and Chen (2009) considered different electrolytes such as 
phosphate, silicate or both in the presence of two inhibitors to form anodic 
films on AZ91D alloy. The best electrolyte composition during the processing 
of Mg alloy AZ91D was: potassium hydroxide 1.5 M, sodium citrate 0.04 M, 
phosphoric acid 0.1 M and sodium silicate 0.08 M. The breakdown voltages 
during anodization in an MAO process were changed from 400 to 200 V to 
anodize oxide coating on AZ91D alloy samples, using an alkaline silicate 
phosphate electrolyte instead of the simple alkaline phosphate electrolyte. 
The lower breakdown voltage gave anodized oxide coatings with better 
composition, lower porosity, smaller pores and fewer cracks, and thus better 
anti-corrosion ability. 

Hexamethylenetetramine (0.1 M) was a useful additive for removing cracks 
and reducing the size of pores in an oxide coating and the surface roughness 
(R, or center line average) was reduced from 10.12 to 1.22. Sodium borate 
(0.1 M), accompanying additive, changed the composition of the Na content 
in an oxide coating on the AZ91D alloy without influencing the morphology 
or roughness value of the oxide coating. The anti-corrosion abilities of the 
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different oxide coatings were examined in a 5 wt% NaCl solution using 
the potentiodynamic polarization. The thickness of the oxide coatings was 
controlled to be approximately 20-30 um for all the specimens formed in the 
different electrolytes, with the fixed 60 min MAO process preparation period 
and the different breakdown potentials. Tafel slopes of the oxide coating on 
AZ91D were performed with a scan rate of 1 mVs~' from -2V to 0.8V in 
5 wt% NaCl solution. The corrosion current of the oxide coating changed 
from 3.6 2 10° to 4.2 1077 A/cm? when the additives were added to the 
plating solution. 


2.3.4 Cathodic charging 


Nakatsugawa (2001) succeeded to create a pseudo-passive film of MgH, on 
magnesium surface and developed a method to create hydrogen-rich layer 
onto AZ91D by way of cathodic charging. MgH, decomposes gradually 
to form the hydroxide Mg(OH), in aqueous environment. The treated Mg 
or Mg-Al alloys show a pseudo-passive behavior in the anodic region in 
5% NaCl saturated with sodium hydroxide solution and an increase of the 
Tafel slope in the cathodic region (Fig. 2.4). The corrosion resistance of this 
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2.4 Potentiodynamic polarization curves of untreated and H-coated 
AZ91D alloy in 5% NaCl at pH 10.5 solution from OCP to anodic 
and cathodic directions at scan rate of 1mVs"', (A) H-coated, (©) 
untreated (Nakatsugawa et al., 1999). 
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coating is superior to Cr°*-based conversion coating and has a fairly good 
adhesion to paint (Nakatsugawa et al., 1999). 


2.4 Specific factors characterizing corrosion 
behavior 


2.4.1. Influence of pH on polarization curve in de-aerated 
solutions 


In alkaline solutions of pH >10.45, Mg tends to passivate in alkaline 
solutions at pH>10.45, and at more alkaline pH such as 13 (0.1 M NaOH) 
a truly passive behaviour is expected (Fig. 2.5). An average current density 
of a few uA/cm? is observed in the passive region at a relatively high scan 
rate 1 mV/s. 
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2.5 Potentiodynamic polarization characteristics of magnesium as a 


function of solution pH in de-aerated 0.1M NaOH solution with scan 
rate 1mV/s (Mitrovic-Scepanovic and Brigham, 1990). 
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2.4.2. Theoretical schematic approach to active-passive 
behavior 


Mitrovic-Scepanovic and Brigham (1990) considered a schematic and 
theoretical approach for the dissolution of magnesium in de-aerated alkaline 
solution at pH 13. In this approach the divalent state dissolution has been 
considered; the dissolution of magnesium in the monovalent state accompanied 
by the oxidation—-reduction reaction of hydrogen ions leading to the negative 
difference effect on the anodic curve and the formation and stability of 
magnesium hydride at this pH are not considered. 

They suggested three open circuit potentials (OCP) E,, Eg and E¢ for pure 
magnesium at pH 13 (Fig. 2.6). Regarding the active behavior of magnesium, 
there is an E, value considering equal mixed control for V-logi (Evans 
diagram deduced from anodic and cathodic polarization curves). Regarding 
the shift of the polarization curve to more noble values on the active-passive 
state of the metal, the OCP oscillates between an active relatively less active 
value Ez and a more positive one Ec at the beginning of the passive region. 
Practically, Mitrovic-Scepanovic and Brigham (1990) found that the potential 
oscillates between these two values for AZ31 alloy as a function of time in 
de-aerated 0.1N NaOH solution (pH 13). This has been found in the active 
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2.6 Schematics of theoretical polarization curve of magnesium in 
deareated 0.1N NaOH solution (pH 13) (Mitrovic-Scepanovic and 
Brigham, 1990). 
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behavior of other metals also such as Fe in nitric acid solution with specific 
concentration corresponding to the breakdown and repair of the passive film. 
Ex can be described as active unstable potential before passivation while Ec 
corresponds to the beginning of the passive zone of magnesium. It is worth 
mentioning that Mitrovic-Scepanovic and Brigham have derived the value 
of ~ —0.768 V/SHE practically when a very pure magnesium specimen was 
coupled to a small piece of Pt and the specimen was shifted to the passive 
state because of the extreme depolarization of hydrogen ion reduction. Also, 
it is likely in the presence of an efficient oxidant such as a solution saturated 
with atmospheric oxygen or containing perchlorate ions and for alloys with 
certain alloying elements that can shift the cathodic curve to more positive 
values and cross the anodic curve or the passive region in the fourth suggested 
point. This can give rise to an OCP value more positive than the other three 
suggested corrosion potential values. 

Bonora et al. (2002) compared the potentiodynamic curves in 0.05M 
sodium tetraborate solution (pH = 9.7) of two unstressed Mg alloys to that 
of pure Mg (Fig. 2.7). It can be observed that the shape of the polarization 
curves is almost the same for the AM and AZ alloys. In addition, a current 
plateau of passivation begins at —1.2 and -1.3V for AM50 and AZ91D, 
respectively, the current values being quite similar and relatively high. This 
type of behavior can be considered as ‘pseudo-passivation’ at this buffered 
pH. Pure magnesium showed more active OCP, and much higher current in 
the passive region, meaning that the quality of passivation is much lower. 

The influence of mechanochemical effects (MCEs) and creep on corrosion 
parameters were studied by Bonora et al. (2002). They stated that deformation 
increases the anodic current densities and shifting the potentials to more 
active values. It was also shown that the AZ91D alloy has a high corrosion 
rate in the deformed state than AM50 alloy under stress, while in the non- 
loading state the corrosion rate was found to be higher for the AMS0 alloy. 
This behavior confirms the MCE theory and the behavior of these alloys at 
creep. 


2.4.3 Influence of solution agitation 


Agitation or any other means of destroying or preventing the formation of a 
protective film leads to corrosion. When magnesium is immersed in a small 
volume of stagnant water, its corrosion rate is negligible. When the water 
is completely replenished, the solubility limit of Mg(OH), is never reached 
and the corrosion rate may increase. When agitation (erosion) destroys or 
depletes the surface film, corrosion can be significantly increased. Figure 2.8 
illustrates the cathodic and anodic curves in an aerated 0.5M Na2SOy, using 
a rotating electrode and these give a conceivable Tafel slope for cathodic 
reaction of reduction of the water molecules (b, = 180 mV/log J) which 
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2.7 Potentiodynamic curves of pure magnesium, and AM50 and 
AZ91D alloys in 0.05M sodium tetraborate solution buffered at pH = 
9.7 (scan rate 0.2 mV/s) (Bonora et al., 2002). 
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2.8 Tafel extrapolation of the rotating disc electrode (RDE) 
polarization curve of pure magnesium in an aerated 0.5M Na ,SO, 
(rotation speed: 1500 rpm, potential scan rate: 0.5 mV/s) (corrected 
for the ohmic drop) (Ardelean et a/., 1999). 
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is different from 120 or 210mV/log J found by others. These have been 
considered by some authors to derive an approximate corrosion rate for the 
sake of comparison only. The active—passive transition in the anodic curve 
is not so evident although the pH of the solution changed from 6.2 to 9.6, 
very possibly because of the high rotation speed of the electrode (Fig. 2.8). 
Generally, the anodic Tafel slope is not currently considered to confirm the 
corrosion rate calculations because of the active-passive behavior (Ardelean 
et al., 1999). 

In stagnant distilled water at room temperature, Mg alloys rapidly form a 
protective film that prevents further corrosion. Small amounts of dissolved 
salts, in water, particularly chlorides or heavy metal salts will break the 
protective film locally, which usually leads to pitting (Froats et al., 1987). 

Baril and Pébére (1999, 2001) carried out impedance measurements and 
determined the diagrams after different hold times at E,,,, in aerated 0.01M 
(Fig. 2.9). The diagram is characterized by two well-defined capacitive 
loops, at high and medium frequencies, followed by an inductive loop in the 
low-frequency range. The same trend of these diagrams was found in 0.1M 
Na»SO, or in de-aerated medium (0.01 M). The increase in immersion time at 
Feo led to an increase in both high- and medium-frequency capacitive loops. 
The high-frequency loop appears to result from both charge transfer and a 
film effect. The medium-frequency capacitive loop is related to relaxation 
of the mass transport in the solid phase, i.e. in an aggregating layer whose 
thickness increases with immersion time. The inductive loop is fundamentally 
associated with the breakdown of the passive film on the magnesium surface 
(Song et al., 1997a). The influence of rotation rate on the impedance diagram 
was negligible and so the process was not influenced by oxygen diffusion 
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2.9 Impedance diagrams determined after different preliminary hold 
times at Egor, in 0.01M NazSO, (O) 3h30 min; (@) 6h; (#) 27h in 
contact with air at 25°C (Baril and Pébére, 1999). 
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in the liquid phase. Chen et al. (2007) observed the inductive loop of AZ91 
alloy in Na,SO, solution after an initial immersion period of 1 hour to the 
presence of metastable Mg* ions, while that observed after longer period 
(181 h) was attributed to pitting corrosion. Jin et al. (2007) suggested that 
the inductive loop at low frequency is an indication of pitting corrosion of 
an Mg alloy in chloride solution. 


2.4.4 Influence of oxygen and some active ions 


The influence of oxygen concentration in aqueous media on Mg corrosion 
seems to depend on the presence of halide ions, bicarbonate as examples, more 
positive OCPs, cathodic phases for hydrogen evolution in the alloy, etc. 


Influence of oxygen on general corrosion 


Dissolved oxygen plays no major role in the corrosion of magnesium in either 
freshwater or saline solutions (Froats et al., 1987). In acidic solutions, and at 
more negative OCPs, it seems that hydrogen reduction is the main cathodic 
reaction (Hur and Kim, 1998), especially in presence of active cathodic 
sites for hydrogen evolution (Hanawalt et al., 1942). On the other hand, the 
presence of oxygen is an important factor in atmospheric corrosion (Makar 
and Kruger, 1993). The most positive potentials are observed in pure water 
and alkaline solutions containing sub-critical amounts of certain anions. 
These potentials are usually near the hydrogen electrode reversible potential 
or readily rises thereto by application of a very small anodic current. Only 
in environments of this type, and then under good aeration, does oxygen 
reduction play a significant role (Ferrando, 1989; Ghali, 2010). 

Baril and Pébére (2001) studied the corrosion behavior of pure magnesium 
in aerated and de-aerated solutions (0.01 and 0.1 M) by steady-state current— 
voltage measurements using rotating electrode (1000 rpm) and electrochemical 
impedance measurements. It was shown that the anodic current densities 
were lower and the resistance values higher in de-aerated media. They have 
stated that the presence of oxygen does not influence the cathodic reaction 
and so oxygen has no effect on Mg corrosion; however, the shift of the 
potential in the cathodic direction in aerated solutions and higher anodic 
corrosion current densities can be explained by the presence of bicarbonate 
ion in natural conditions (40 mg HCO3/L). The HCO3 increased the rate of 
dissolution by formation of soluble salts. 


Pitting corrosion of passive films 


There is a synergetic effect of oxygen and Cl on pitting of passive alloys. A 
partially protective surface film plays an important role in the electrochemical 
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dissolution processes for magnesium in NaCl, Na,SO, and NaOH solutions. 
The presence of Cl, for example, makes the surface films more active or 
increases the broken area of the film, and also accelerates the electrochemical 
reaction rate from magnesium to magnesium univalent ions (Vargel, 2004). 
The solubility of air and oxygen in saline solutions decreases with increasing 
concentration of the salt, but salt increases the solution conductivity. The two 
effects combine in oxygen reduction cathodic systems to produce increasing 
corrosion rates up to about 3.5 wt% sodium chloride solutions and decreasing 
corrosion rates above that (Baloun, 1987). It has been shown also that oxygen 
plays a major role in the initiation of pitting of AZ91, HK31 and some Mg—Zn 
alloys in 5 wt% sodium chloride solution at room temperature at relatively 
high corrosion potentials (Reboul and Canon, 1977). 


2.4.5 Active and passive states at high-temperature 
aqueous media 


The effect of increasing the temperature is to increase the severity of attack. 
Magnesium alloys do not have adequate corrosion resistance for applications 
above ambient temperature (Danielson, 2001; Song ef al., 1997b). Pure 
magnesium (99.5% + % purity < 10 ppm (Fe + Ni + Cu)) immersed in 
distilled water, from which acid atmospheric gases have been excluded, is 
also highly protected. However, this good resistance to corrosion in water at 
room temperature decreases with increasing temperature, corrosion becoming 
particularly severe above 100°C. Pure magnesium and alloy ZK60A corrode 
excessively at 100°C with rates up to 25 mm/yr (Song and Atrens, 1998). 
Water vapor in air or in oxygen sharply increases the rates of oxidation of 
magnesium and its alloys above 100°C, but BF3, SO, and SF, are effective 
in reducing the oxidation rates (Nisancioglu ef al., 1990). 

The increasing rate of corrosion, with increase in temperature of ternary 
alloys, is higher than that of pure magnesium and may be due to the activation 
of some impurities in the ternary alloy at higher temperatures. It appears that 
the onset of pitting in a given alloy and in certain media depends on a critical 
pitting temperature below which only uniform corrosion is encountered. 
Increasing temperatures sometimes precipitates protective salts, such as 
calcium carbonate, which decreases corrosion rates in normal-to-hard waters 
(Amira et al., 2007; Shaw and Wolfe, 2005). 


2.5 Active and passive behaviors and corrosion 
forms 


The first three forms of corrosion: uniform or quasi-uniform general corrosion, 
galvanic corrosion and localized corrosion (pitting, crevice and filiform) 
have no clear separation. The oxide—hydroxide passive layer can play the 


© Woodhead Publishing Limited, 2011 


Activity and passivity of magnesium (Mg) and its alloys 85 


role of a coating and show filiform corrosion (a type of localized corrosion 
that occurs under coatings or paints) in the same time of uniform corrosion 
or pitting. Metallurgically and microbiologically influenced corrosion can 
lead to the appearance of intensive corroded localized zones. Mechanically 
assisted corrosion (especially corrosion fatigue) and stress corrosion cracking 
(expressed also as environmentally induced corrosion (EIC)) are commented 
generally as specific localized defaults of the passive film due to the existence 
of electrochemical galvanic cell (Ghali 2010). 


2.5.1. General corrosion 


Sivaraj et al. (2006) determined the corrosion rates in 5% NaCl solution 
using salt-spray testing (ASTM B117). Other techniques are employed in 
parallel (weight loss, electrochemical DC polarization titration and hydrogen 
evolution). The weight loss method can be considered as the best method 
to determine corrosion rates of magnesium and its alloys, in spite of the 
fact that loss of non-corroded material during etching is always a concern. 
Polarization experiments are quick and practical to carry out, but a number 
of factors, such as scan rate, cell geometry, influence of the Nernst diffusion 
layer, agitation or circulation of the electrolyte, influence the reproducibility 
and reliability of the corrosion rate determined by the polarization technique. 
In the titration method, the pH of the solution is held constant and it can be 
tailored to suit the requirements of the corrosion environment. In general, 
the titration test results are more reproducible. A lack of accuracy and 
experimental difficulty (e.g. proper gas sealing) are the main difficulties with 
the hydrogen evolution method and hence the variability in the comparative 
corrosion rates among experiments is high. 


Influence of negative difference effect (NDE) and Mg* on corrosion rate 


The corrosion resistance of commercial Mg alloys does not significantly 
exceed that of pure Mg. Appropriate quantitative agreement between 
weight loss and corrosion rates derived from electrochemical polarization 
measurements has been found for most metals. Instead of having a decrease 
of hydrogen evolution during anodic polarization, it has been observed that 
over a restricted potential range of anodic polarization of Mg the rate and 
amount of hydrogen evolution actually increase as the potential of the metal 
is shifted to more noble or positive values. This is defined as the negative 
difference effect (NDE) (Stampella et al., 1984). It has been suggested 
that there is a chemical reaction corresponding to hydrogen reduction and 
oxidation of monovalent magnesium to divalent magnesium. This is governed 
by the laws of mass action, solubility product and chemical equilibrium that 
involve oxidation—reduction processes (Hawke et al., 1999). 
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Song and Atrens (2003) and Song (2005) proposed an appropriate new 
mechanism for NDE and stated that the reason is the anodic dissolution of 
magnesium in the surface-film broken areas giving then the metastable Mg* 
that is oxidized chemically. Hawke et al. (1999) mentioned that exposing active 
metal by mechanical and chemical attacks of the protective film, formation 
of magnesium hydride and loss of metal by disintegration (chunk effect) 
are also possible causes. MgH, is also considered as an intermediate of an 
anodic dissolution process. Also, this does not exclude the direct dissolution 
of magnesium as bivalent ion (Song, 2005). Based on AC impedance spectra, 
Song (2007a) believes that the anodic reaction of pure magnesium takes 
place in two steps: the first is the electrochemical formation of monovalent 
magnesium that can be followed by the chemical oxidation reduction reaction 
through hydrogen ion reduction or by electrochemical oxidation. Atrens and 
Dietzel (2007) suggested that at free corrosion potential, these two steps 
could be expressed as follows: 


Mg © Mg* +e (anodic partial reaction) 2.14 

kMg* @ k Mg”* + ke™ (anodic partial reaction) eles 

(1 — k) Mg* (1-k) H* @ (1 -& Mg”* + (1 — &/2H, 

(chemical reaction) 2.16 

(1+k)H*+(1+hKe€ © (1 + 4)/2H, (cathodic total reaction) 
2.17 


This mechanism of dissolution is supported by the fact that the corrosion 
rate of magnesium and its alloys evaluated from weight loss agrees within 
an error of less + 10% with the corrosion rate independently measured from 
the hydrogen evolution. Also, it has been reported frequently for certain 
experimental conditions that the corrosion rate evaluated by Tafel extrapolation 
from polarization curves does not agree with that evaluated from weight loss 
and hydrogen evolution. It has been mentioned that the relative errors in the 
evaluation of the corrosion rate from Tafel slope extrapolation can be 25 
times as high in certain experimental conditions (Song et al., 2001). It has 
also been stated by Shi ef al. (2010) that the relative errors in the evaluation 
of the corrosion rate from Tafel extrapolation method ranged from ~50 to 
90%. These large relative errors are much larger than the precision of the 
electrochemical method and thus indicate that there is a need for careful 
consideration of the use of Tafel examination. Simple measurement methods 
such as weight loss rate, hydrogen evolution rate or dissolved Mg”* ions are 
recommended as complementary or checking methods. 

Liu and Schlesinger (2009) recognized the presence of three situations. 
When the anodic overpotential (Eypptiea~Ecorrosion) = AE is low, the anodic 
reaction for magnesium is mostly the formation of Mg* and this is followed 
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by the slow chemical reaction of oxidation to divalent ion Mg**. When AE 
is high, the anodic reaction is mostly the formation of Mg** directly, while 
for intermediate values of AE, both Mg* and Mg** can exist. They expressed 
quantitatively the microgalvanic corrosion, especially the negative difference 
effect of magnesium based on these three assumptions. 


Sacrificial magnesium in the active state 


Magnesium alone and its alloys have been employed intensively as sacrificial 
anode for cathodic protection and are now considered for numerous present 
and future promoting applications (see Section 2.4). 


2.5.2. Galvanic corrosion or bimetallic corrosion 


Galvanic corrosion or bimetallic corrosion is important to consider since 
most of the structural industrial metals and even the metallic phases in the 
microstructure alloys create galvanic cells between them and/or the a Mg 
anodic phase. However, these secondary particles which are noble to the 
Mg matrix, can in certain circumstances enrich the corrosion product or the 
passive layer, leading to a decrease or a control of the corrosion rate. Severe 
corrosion may occur in neutral solutions of salts of heavy metals, such as 
copper, iron and nickel. The heavy metal, the heavy metal basic salts or 
both plate out to form active cathodes on the anodic magnesium surface. 
Small amounts of dissolved salts of alkali or alkaline-earth metal (chlorides, 
bromides, iodides and sulfates) in water will break the protective film locally 
and usually lead to pitting (Froats et al., 1987; Shaw and Wolfe, 2005). 
Under conditions where the corrosion product is not continuously removed 
or under conditions of high cathodic current density where the surroundings 
may become strongly alkaline, both the magnesium and an amphoteric 
contacting metal such as aluminum may suffer severe attack. Such attack 
destroys compatibility in alloys containing significant iron contamination. 
Cathodic corrosion of aluminum is much less severe in seawater than in 
NaCl solution because of the buffering effect in seawater. Aluminum alloys 
containing appreciable magnesium, such as 5052, 6053 and 5056, are least 
severely attacked in chloride media when galvanically coupled (Froats 
et al., 1987). Hydrogen evolution and strong alkalinity generated at the 
cathode can damage or destroy organic coatings applied to fasteners or other 
accessories coupled to magnesium. Alkali-resistant resins are necessary, but 
under severe conditions, such as salt spray or salt immersion, which do not 
simulate adequately a real application, the coatings may be simply blown 
off by hydrogen, starting at small voids or pores. Some new processing 
methods such as new rheocasting processes, rapid solidification processes, 
ion implantation and vapor deposition enhance corrosion resistance by 
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producing a more homogeneous microstructure and/or by increasing the 
solubility limits of alloying additions (Shaw and Wolfe, 2005). This can be 
lead to more corrosion-resistant passive states. 

There is considerable interest in the use of magnesium alloys in metal— 
matrix composites (MMCs). However, this is a strenuous application for 
magnesium, considering the extreme galvanic nobility of many composite 
materials, such as graphite. In the case of AZ91 combined with alumina 
fibres, the corrosion rate of the MMC is seven times higher than that of the 
bulk alloy, showing the paramount importance of galvanic effects (Shaw 
and Wolfe, 2005). Hihara and Kondepudi (1993, 1994) investigated the 
galvanic corrosion behavior of Mg MMCs of the two matrices: pure Mg 
and ZE41A-Mg alloy in contact with SiC monofilament (MF) or pure SiC 
particles. The results showed evidence of higher galvanic corrosion rates 
of the matrices in both cases; however, ZE41A—Mg matrix showed a better 
corrosion resistance than pure Mg. Hall (1987) observed the evidence of 
galvanic corrosion for carbon fiber/magnesium MMCs in a normal laboratory 
atmosphere of about 60% relative humidity at 20 °C. The determined rate of 
penetration was about 100m per year. Bakkar and Neubert (2009) showed 
that the galvanic coupling with C-fibers leads to severe corrosion of Mg 
matrix composites and invalidates the virtual effect of alloying elements on 
corrosion resistance. 


2.5.3 Localized corrosion of the passive state 


The passive state of magnesium and its alloys is generally more vulnerable 
to localized corrosion than the active state. In natural atmospheres, the 
corrosion of magnesium can be localized depending on alloy composition, 
microgeometry of the surface, distribution of different metallurgical phases 
of the microstructure, ionic species and temperature of the electrolyte. Weak 
conductivity of the electrolyte and small anode/important cathode relative 
area ratios increase localized corrosion. Localized corrosion of magnesium 
and its alloys as pitting, filiform and crevice forms of corrosion of magnesium 
and its alloys have some differences in occurrence, kinetics, morphology and 
mechanism compared with other metals. For example, the oxygen differential 
cell is not always the principal factor in case of magnesium. The acid pH 
at the pit or crevice due to hydrolysis and the retention of humidity could 
control the corrosion kinetics. 

Pitting and filiform corrosion can initiate simultaneously in NaCl solutions 
and filiform corrosion is observed frequently as the front runner. Filiform 
then develops into cellular or pitting corrosion. Filiform corrosion occurs 
on some uncoated extruded magnesium alloys but not on bare pure Mg. Its 
occurrence on bare Mg—Al alloys indicates that highly resistant oxide films 
can be naturally formed. In chloride solutions, such as seawater, attack on 
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the metal usually results in pitting of some areas only, while for a reactive 
metallic surface, by sand blasting for example, attack may be so rapid that 
uniform dissolution is observed (Froats et al., 1987; Lunder et al., 1990). 

Galvanic cells develop and some areas become anodic to other areas 
and as corrosion proceeds at the anodic areas, pitting develops. There is no 
evidence of initiation at particle-free areas, indicating that hydrogen evolution 
on the particle is the predominant controlling cathodic reaction (galvanic 
corrosion). Stable corrosion pits initiate at flaws adjacent to a fraction of 
the intermetallic particles present as a result of the breakdown of passivity. 
Pitting can also occur in non-passivating alloys with protective coatings or 
in certain heterogeneous corrosive media (Ghali, 2000). 

After the initiation period of corrosion pits, filiform corrosion dominates 
the morphology as narrow semi-cylindrical corrosion filaments project from 
the pit. Lunder et al. (1990) observed that propagation of the filaments occurs 
with voluminous gas evolution at the head while the body immediately 
behind passivates. Electrochemical transport of chloride ions to the head 
of the filament appears to be an essential component as is precipitation of 
insoluble Mg(OH), by the anodic reaction with Mg”* ions elsewhere along 
the filament (Ghali et al., 2004). 

The corrosion behavior of AZ91D Mg alloy in alkaline chloride solution 
was investigated by electrochemical noise (EN). The noise resistance (R,), 
power spectral density (PSD) and wavelet transform were considered to 
analyze the EN data. It was revealed that there exist three different stages 
of corrosion for AZ91D Mg alloy in alkaline chloride solution: the anodic 
dissolution process accompanying the growth, absorption and desorption 
of hydrogen bubbles, the development of pitting corrosion and the possible 
inhibition process by protective MgH, film (Zhang ef al., 2007). 

The atmospheric corrosion occurs frequently under thin electrolyte layers 
(TELs) or even adsorbed layers. The thickness of electrolyte has important 
role on corrosion phenomena such as the mass transport of dissolved oxygen, 
the accumulation of corrosion products, and the hydration of dissolved metal 
ions. The corrosion behavior of pure magnesium was investigated under 
aerated and de-aerated TELs with various thicknesses by means of cathodic 
polarization curve, electrochemical impedance spectroscopy (EIS) and EN 
measurements (Zhang et al., 2008). 

After 20 min of immersion of pure Mg in 0.05M NaCl + 0.5M Na,SO, 
solution saturated by Mg (OH)y, the cathodic polarization curve of the expected 
passive state was scanned from the open circuit potential to —-2.2 V/Ag, AgCl 
with a scan rate of 1mV/s. Cathodic polarization studies showed that the 
cathodic current density was higher in absence of air. EIS measurements 
were carried out for different thicknesses by scanning frequency ranged 
from 100kHz to 10mHz and the perturbing AC amplitude was of 5mV 
for different thicknesses of the electrolyte (Fig. 2.10). Effectively, with the 
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2.10 Charge transfer resistance R, and film resistance R; of pure 
magnesium under thin electrolyte layers with various thicknesses 
in dilute alkaline solution in the aerated and de-aerated conditions 
(Zhang et al., 2008). 


decrease of TEL thickness, both R, and Ry of pure magnesium exhibited an 
increase or increment trend in the aerated and de-aerated conditions. Also, 
the R, and R; values in aerated media were higher than those in de-aerated 
condition, confirming then the same trend of polarization studies. Considering 
that the cathodic process of pure magnesium under TEL is dominated by 
hydrogen evolution reaction, the presence of oxygen had an inhibited effect 
on the kinetics of this reaction. A better passive state in presence of oxygen 
is achieved through the inhibition of the anodic reaction by oxygen (Zhang 
et al., 2008). However, it is very possible that other gases in the air could 
assist also in the observed inhibited effect. 

The electrochemical noise current was measured as the galvanic coupling 
current between two identical electrodes kept at the same potential. EN data 
were instantaneously recorded with time for 12h. Each set of EN records, 
containing 8196 data points, was recorded with a data sampling interval of 
0.25 s. Based on shot noise theory and stochastic theory, the EN measurements 
were quantitatively analyzed by using the Weibull and Gumbel distribution 
function, respectively. TEL had two distinctive effects on anodic process of 
pure magnesium corrosion. On one hand, the pit initiation rate was inhibited. 
The frequency of corrosion events under TEL is greatly lowered compared 
with that in the bulk solution. On the other hand, the pit growth probability 
was increased, meaning that the metastable pit on pure magnesium has a 
higher probability to become larger pit cavity during shorter time interval 
than that in bulk solution (Zhang et al., 2008). 
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2.5.4 Metallurgically influenced corrosion 


It has been observed that the corrosion resistance of diecast Mg alloys is 
a function of the polishing depth of the specimen. Effectively, removing 
certain surface layers during mechanical polishing expose the surface of the 
interior skin with less contaminants and somewhat different microstructure 
that can lead to an improvement in the active and passive behaviors of 
the specimen. The corrosion resistance of diecast and freely solidified or 
electromagnetically stirred thixocast AZ91D alloy has been studied using 
EN technique and EIS in dilute chloride solution saturated with atmospheric 
oxygen to assess the influence of the microstructure on corrosion kinetics and 
morphology. At depths between 10 and 50 um (skin), all specimens showed 
general non-uniform corrosion with the lowest corrosion resistance. Between 
100 and 200 um (interior skin), the observed corrosion was accompanied 
by superficial undefined pits due to metastable pitting (Lafront ef al., 
2008). There is then an advantage to removing the superficial skin since 
the interior provides the best possibility for better passive performance. 
Hot- or grit-blasted surfaces often exhibit poor corrosion performance not 
from induced cold work but from embedded contaminants. Acid pickling 
to a depth of 0.01 to 0.05 mm can be used to remove reactive contaminants, 
but re-precipitation of the contaminant should be avoided such as steel shot 
residues (Shaw, 2003). 

The corrosion behavior of the skin of diecast AZ91 Mg alloy has been 
examined as a function of the thickness of the cast alloy in 3.5% NaCl 
solution saturated with Mg(OH), at room temperature. It was found that 
the corrosion resistance of cast specimens with relatively more important 
thicknesses was higher than that of the less thick ones. This was explained 
in terms of the increasing amount of Al and B phase (Mg,7 Alj») in their 
skins (Aghion and Lulu, 2009). It has been also stated that the morphology, 
the level of porosity and the composition of the passive layer especially in 
this passive alkaline medium were showing a better corrosion resistance. 

A hot-chamber diecast AZ91D thin plate with a die chill skin on its surface 
was severely corroded in 5 wt% chloride solution (J.,,, ~ 1600 pA/cm?), 
whereas a plate with a die skin layer etched in an HF/H,SO, aqueous solution 
to remove interdendritic phases had a substantially lower corrosion rate (3 to 
~16uA/cm’). The die-chill skin was composed of a thin layer of chill zone 
and a thick layer composed of interdendritic Al-rich o-Mg/A1,»Mg 7 B-phase 
particle/a-Mg grain composite. The chill zone (4 + 1 um in thickness) had 
fine columnar and equiaxed grains and contained a distribution of submicron 
Mg-AI-Zn intermetallic particles. The removal of the primary B-phase from 
the diecast sample surface did not improve the corrosion performance of the 
specimen (Uan et al., 2008). 
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2.5.5 Microbiological influenced corrosion 


Magnesium undergoes two different corrosion phenomena: microbiologically 
influenced corrosion (MIC) and rational biodegradation. MIC occurs in the 
biosphere and even in oxygen-free media where microorganisms are present. 
The second phenomenon occurs inside the human or animal body where the 
immune system prevents microorganism colonization. Physiological fluids 
containing water and high rates of chloride are principally involved in this 
degradation process. 

Recently, magnesium and some of its alloys were investigated as suitable 
biodegradable materials. Metals which consist of trace elements existing in 
the human body such as magnesium are promising candidates for temporary 
implant materials. These implants are needed temporarily to provide 
mechanical support during the healing process of the injured or pathological 
tissue. Mg(OH),. accumulates on the underlying matrix as a corrosion 
protective layer in water as long as the chloride concentration is not above 
30 mmol/L. The chloride content in vivo is about 150 mmol/L and so severe 
pitting corrosion can exist. Galvanic corrosion can be observed in alloys 
having favorable microstructural cathodic sites for hydrogen evolution and 
this causes potential local gas cavities in vivo. Alongside pure magnesium, 
Be, Ni and Al-free alloys are recently recommended for use in humans. For 
biomedical stent in vivo development, it seems that rare earth Mg alloys are 
targeted; however, mischmetal in the alloy should be examined for some 
undesired element concentrations (Witte et al., 2008). 


Simulated corrosion studies for biomaterial use 


Two solutions are currently used for biomaterial corrosion studies: ‘Hank’s’ 
and simulated blood plasma (SBP) solutions. Hank’s solution is a balanced 
salt solution with a pH very close to the blood 7.4. Potentiodynamic curves 
of the magnesium sample in Hank’s and SBP solutions with scan rate of 
0.5mV/s were carried out after 1h in OCP at 37°C (Fig. 2.11) (Yang and 
Zang, 2009). The OCP of extruded Mg lwt% Mn and 1.0 wt% Zn was -1.21/ 
SHE after | hour immersion in SPB and was more positive (noble) than that 
in Hank’s solution (—1.27). Corrosion resistance measurements as predicted 
from polarization curves after 1 hour immersion in both testing solutions 
show one order of magnitude higher corrosion resistance R, in SPB than in 
Hank’s solution, while the corrosion current (/,o,,) in Hank’s solution was 
nearly double that in SBP. The weight loss studies confirmed the trend of 
electrochemical measurements in these two solutions with volume/surface 
area (SV/SA) = 6.7 (Yang and Zhang, 2009) (Fig. 2.12). 

The values of pH after 300h of immersion were sensitive to the ratio of 
the solution SV/SA. Keeping the surface of the specimen constant (6cm7), the 
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2.11 Potentiodynamic curves of the magnesium extruded specimen 
(2cm?) in 350ml of Hank’s and simulated blood plasma solutions at 
37°C (Yang and Zhang, 2009). 
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2.12 Average corrosion rates from weight loss measurements of Mg- 
0.1 Mn and 0.1 wt% Zn alloy in both biomaterial testing solutions 
during 300h for the same SV/SA ratio of 6.7 (Yang and Zhang, 2009). 


solution volume varied from 4 to 40 and to 400 ml, leading to SV/SA relative 
values = 0.67, 6.7 and 67, respectively. The pH values after 300 h immersion 
in Hank’s solution were ~9.2 for 67, 10.3 for 6.7 and 10.8 for 0.67 SV/SA. 
These values show high alkalinization for more vigorous attack as function 
of progressive relative small solution volumes. Also the shift of pH in SBP 
was ~ 9 for 6.7 SV/SA less than that of Hank’s solution (10.3), indicating 
less vigorous dissolution reaction for SBP because of the presence of some 


© Woodhead Publishing Limited, 2011 


94 Corrosion of magnesium alloys 


inhibiting or film-forming ions (Yang and Zhang, 2009). The corrosion rates 
derived from weight loss measurements confirmed the same trend deduced 
from polarization curves and pH measurements. Effectively, magnesium 
specimens showed lower corrosion rate in SBP solution as compared with 
that in Hank’s one (Fig. 2.12). It is interesting to note the prompt decrease 
in the corrosion rate during the first 72 hours of immersion, followed by a 
gradual decrease up to 3000h immersion and that for both solutions. 


Mg-Zn alloys as biodegradable materials 


It has been reported frequently that Mg alloys containing aluminum (AJ) and/ 
or rare earth (RE) elements are not recommended for biosafety and health 
considerations of the human body. It is desirable then to develop novel degradable 
Mg alloy without aluminum and rare earth metals. Certain attention has been 
given to calcium or manganese as candidate alloying elements; however, zinc 
is one of the effective alloying elements for improving corrosion. Song (2007a) 
found that the addition of 1-2 wt% Zn into pure Mg led to a significantly 
reduced biodegradation rate in a simulated body fluid (SBF). Zhang et al. 
(2010) examined the influence of heat treatments on the in vitro and the in 
vivo degradation behavior of Mg—6 wt% Zn alloy. A solid solution of this alloy 
was treated at 350°C for 2h followed by quenching in water. The heat-treated 
alloy was also hot extruded at ~ 250°C with an extrusion of 8:1. 

A kind of SBF was used as a testing solution. The pH value of the SBF 
was adjusted before measurements to 7.4 and the temperature was maintained 
at 37°C. Weight loss methods and electrochemical measurements, including 
potentiodynamic polarization and EIS were employed. The grain size was 
refined and a uniform single phase of the alloy was obtained after solid solution 
and hot working. This led to lower corrosion rate than pure magnesium. The 
corrosion products on the surface of the Mg—Zn alloy were hydroxyapatite 
(HA) and other Mg/Ca phosphates in SBF, and they act as protective layer. 
The tensile strength and elongation achieved of the alloy were ~ 2830 MPa 
and 18.8%, respectively, showing its suitable mechanical properties for 
implant applications. Mg—Zn rods were implanted into the femoral shaft of 
rabbits, and the radiographs illustrated that the magnesium alloy could be 
gradually absorbed in vivo at about 2.32 mm/yr degradation rate. The in vitro 
cytotoxicity of Mg—6% Zn alloy was found to be equivalent to the grade 
0-1, indicating that it is an implantable material with good biocompatibility 
(Zhang et al., 2010). 


Alkaline treatment for better biodegradation 


Mg degradation rate is extremely high at physiological pH 7.4—7.6 where 
the metal is in the active state especially for agitated conditions. However, 
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the high degradation rate can be effectively inhibited by a suitable surface 
treatment. Song (2007b) reported that a 30 minute anodizing treatment in 
1.6 wt% K,SiO3+1 wt% KOH stopped magnesium from biodegrading; no 
corrosion damage was detected after 30 days of immersion in an SBF. Kannan 
and Singh (2010) suggested that a pre-treatment of magnesium in 1 M NaOH 
for two different durations (for 24h and 48 h) prior to in vitro tests can reduce 
the biodegradation rate. /n vitro electrochemical tests were carried out on the 
diecast AZ91 magnesium alloy soaked at body temperature (36.5 °C) for 1 
hour in SBF (Hank’s solution). A passivation-kind of behavior is observed in 
the anodic polarization curve of alkali-treated alloys. The passive-like region 
is extended over about 90-130 mV above E,,,, before breakdown appears 
and this was slightly more important for the 48 h alkali-treated surface. The 
Nyquist plot of impedance measurements of AZ91 Mg alloy, untreated and 
alkali-treated, soaked in Hank’s solution show that the alkaline treatment 
improved the polarization resistance of the alloy by an order of magnitude 
in comparison with that of the untreated alloy, very possibly because of the 
prior formed passive hydroxide film. Also, it has been found that the body 
temperature significantly decreases the corrosion resistance of the alloy, and 
that chloride ions alone minimize the corrosion resistance of the alloy with 
increase in immersion period, whereas the other constituents of SBF such 
as phosphate, calcium and carbonate enhance the film-forming tendency and 
hence the corrosion resistance. 


2.5.6 Mechanically assisted corrosion 


Erosion-corrosion (as impingement or water drop corrosion) is a serious 
problem since it keeps the active state of magnesium at low pH values or 
prevents the formation and stability of the passive layer in alkaline solutions. 
Preventive measurements of erosion—corrosion and fretting fatigue corrosion 
include better passive surfaces that can be achieved by inhibitors, surface 
treatments and selected coating to improve wear resistance and wear corrosion 
of Mg alloys. 

Galvanic corrosion of magnesium decreases resistance to corrosion 
fatigue crack initiation. Seawater has a greater corrosive effect than tap 
water because of chloride ions and localized corrosion. Corrosion fatigue 
strengths of magnesium alloys can be as low as 10% of those in air and no 
fatigue limit could be determined because of accelerated crack initiation and 
propagation. 


2.5.7. Stress corrosion cracking 


Mg alloys that contain neither aluminum nor zinc are the most resistant 
to stress corrosion cracking (SCC). Aluminum content above a threshold 
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level of 0.15 to 2.5% is reported frequently for SCC or EIC observation 
in aluminum-containing Mg alloys. Mg alloys are very susceptible to SCC 
through pitting. Pitting is frequently accelerated and initiated through the 
local active cell in a porous passive film. Second phase particles even as 
small as 40nm at the grain boundaries that are cathodic to o-Mg present a 
deficiency in the passive film and create active galvanic cells that can lead 
to SCC. For example, slow cooling from the solution-treating temperature, 
along with certain thermomechanical treatments, can produce Mg,,7Al,, 
grain-boundary precipitates, which increase the susceptibility of an alloy to 
intergranular SCC. 


2.6 Performance of sacrificial magnesium (Mg) and 
its alloys 


2.6.1. Introduction to sacrificial metal and its alloys 


Magnesium is used as a high driving voltage anode; it is universally applicable 
and is generally little affected by its environment; however, packaging and 
backfilling techniques are necessary for certain applications. Considering a 
current use such as steel protection in seawater, the three metals Mg, Al and 
Zn can be used. However, for massive applications in seawater, such as in 
the offshore industry, the high driving voltage of magnesium is sometimes 
required and can be used to great advantage. On the other hand, the pure Mg 
anode cannot generally be used economically to give a long life because of its 
high current densities in certain electrolytes and is comparatively expensive 
if compared with other sacrificial anode metals. A commercial anode, such 
as ‘Ultramag’ is a typical high-potential Mg anode that contains: Al (0.01% 
max), Mn (0.5—1.3%), Cu (0.02% max), Si (0.05% max), Ni (0.001% max) 
and not more than 0.05% max for other each metal (ASTM B843, 2003) 
(Farwest Corrosion Control Company, 2009). High-purity magnesium, such 
as ‘Galvomag’, is not advantageous generally in seawater anodes. 
Extruded Mg anodes can be obtained in many diameters and in lengths 
up to ~7.6m long. The anodes are available in either rod form (Galvarod, 
trademark of the Dow Chemical Co.) alloy which contains Al (2.5—3.5%), 
Mn (0.20% min), Zn (0.7-1.3%), Si (0.05% max), Cu (0.01% max), Ni 
(0.001% max), Fe (0.002% max) and other impurities (0.05% each or 0.30 
total) or in the high-potential pure metal. Extruded Mg ribbon such as 
Galvoline (trademark of the Dow Chemical Co.) is a flexible anode material 
generally used in high-resistivity soils and water and can provide higher 
current outputs than other cast Mg anodes due to its greater surface area to 
weight ratio (Farwest Corrosion Control Company, 2009). For underground 
aggressive soils with low resistivity or for other similar uses, it is preferable 
to use alloyed magnesium. Alloyed Mg anodes with one or more metals are 
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currently considered. Aluminum is advantageous as less active metal and 
zinc can lead to better control of the cathodic hydrogen evolution reaction 
with its high overpotential (Morgan, 1993). 


2.6.2 Critical parameters for efficiency 


The consumption of the metal will be 7.71 kg per ampere year. Wastage of the 
anode metal on replacement of the anode stub will increase this consumption 
by 1.36 or 1.81 kg per ampere year. If magnesium is considered to corrode 
by a divalent reaction then its theoretical electrochemical equivalent is 2206 
ampere hours per kg or ~ 4 kg per ampere year. There is some doubt on 
this point if magnesium corrodes by univalent reaction only giving ~ 1103 
ampere hours per kg or ~ 8kg per ampere year. Efficiencies of more than 
50% are seldom reported though several reliable cases of efficiencies up to 
60% tend to detract from the univalent theory. The subsequent oxidation 
of the univalent salts to the divalent form must also occur, but this reaction 
would not contribute to the useful anode current (Morgan, 1993). This 
statement suggests that the magnesium dissolution through the monovalent 
ion, followed by the oxidation—-reduction chemical reaction of hydrogen in 
the active region, is not the only mechanism of dissolution. 

Three factors influence the efficiency of magnesium as an anode: the 
current density, the composition and the environment. 


Current density 


Pure magnesium should have a driving potential of ~ 850 mV to protect steel 
but in practice the metal corroded very rapidly with a very low efficiency. 
The metal suffers low polarization in the presence of chloride or sulfate ions 
and produce highly soluble chloride and sulfate salts. These ions are usually 
artificially introduced into the electrolyte as a backfill when a deficiency is 
expected, the hydroxide which is preferentially formed because of its low 
solubility becomes enriched with the backfill anions and itself functions as a 
backfill. Uniform general corrosion can then be obtained and well-designed 
inserts help to keep most or all of the anode metal available for sacrificial 
consumption. In freshwater or electrolytes which contain none of these ions, 
the hydroxide and carbonate may form, but these do not seriously polarize 
the anode (Morgan, 1993). 

The anode efficiency, that is the useful ampere hours per kg, increases at 
high current densities; composition has some effect upon this, but generally 
maximum efficiency is obtained at current densities above ~1.08 A/m?; 
Fig. 2.13 shows this relationship. The extrapolation of these curves could 
suggest a certain corrosion rate even when it is not acting as sacrificial 
anode; however, a relatively high efficiency can be maintained at low 
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2.13 Efficiency vs. current density of high-purity magnesium as 
compared with that of currently employed cathodic protection 
anodes and commercial Mg alloys in saturated CaSO, solution 
(Morgan, 1993). 


current densities in electrolytes rich in chloride or sulfate ions. An Mg anode 
corrodes uniformly on macroscopic scale at all current densities; however, 
the low current density attack is characterized by a considerable amount 
of pitting. This process has been attributed to a parasitic corrosion, though 
selective corrosion would give the same effect. At high current densities the 
anode surface becomes smooth and this is most pronounced in seawater. In 
solutions devoid of chlorides or sulfates, but containing large amounts of 
phosphate, carbonate or hydroxyl ions, the working potential of the anode is 
considerably reduced, and in some environments the anode driving voltage 
may be halved at a current density of ~ 5.4 A/m? (Morgan, 1993). 


Anode composition and microstructure 


The 6% aluminum and 3% zinc alloy is usually one of the most cost-effective 
magnesium alloys. The early experience with magnesium and its alloys showed 
that although the pure metal had a higher driving voltage, some 150mV 
greater than its alloys, certain alloys, particularly the 6% Al-3% Zn, give 
much greater efficiency in a variety of electrolytes and the composition of 
the employed Mg alloy is not as critical as in other applications. It has been 
suggested that Mg alloys suffer from “parasitic corrosion’ (selective or better 
expressed as localized corrosion) at much lower corrosion rates than commercial 
magnesium. It seemed probable that the more noble metals, particularly those 
of low hydrogen overvoltage, found in commercial magnesium, would cause 
the localized type of attack mentioned above and copper, nickel and iron are 
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impurities of this class found in commercial magnesium. Iron is one of the 
major causes of parasitic corrosion but it was known that manganese had a 
very powerful scavenger effect upon it. 

Nickel can be tolerated up to 0.003% before it has any effect upon 
anode efficiency; however, this can depend upon the total amount of all the 
minor impurities. The noble metals with a high hydrogen overvoltage, such 
as lead, tin, cadmium and zinc seem to have little effect upon the anode 
performance (Morgan, 1993). Generally, the Mg alloy can suffer severely 
from rapid corrosion rates in the presence of surface contamination or high 
impurity content of less active metals and more noble secondary particles 
to Mg matrix. For example, in sodium chloride solutions (3—6%), the OCPs 
of mild steel, nickel and copper are much more positive (noble): ~ -0.78, 
—0.14 to -0.22, respectively while that of Mg corrosion potential is more 
negative than ~ —1.67 V/SHE (Hawke and Olsen 1993; Hawke et al., 1988; 
Song and Atrens, 1999). 

The effects of alloying elements on electrochemical properties of 
magnesium-based sacrificial anodes were evaluated in a saturated calcium 
sulfate-magnesium hydroxide solution that simulates the frequently employed 
backfill. Not all anodes underwent passivation but demonstrated only active 
behavior. Corrosion morphology was changed from localized to uniform 
attack by alloying. The efficiency of Mg—Al anodes was improved up to 
~6% Al addition. The addition of zinc increased the efficiency of Mg—Al—Zn 
anodes compared with that of Mg—Al anodes, but the reversal of this behavior 
happened as the zinc content exceeded ~ 3%. The increase in the efficiency 
of Mg—Al and Mg—Al—Zn anodes was accompanied by a decrease in the 
driving potential that might have resulted from a somewhat resistive film on 
the surface, which hindered the transport of ions. The increase in corrosion 
resistance generally improved anode efficiency (Kim and Koo, 2000). 

In commercial anodes the iron content of the alloy is restricted to 0.03% 
and the manganese is added to a minimum of 0.15%. In the presence of Mn, 
the iron content is reduced by the settling of iron from the melt, and the 
iron remaining in the alloy is surrounded by manganese, preventing then its 
accelerating role as cathodic site (Morgan, 1993). Manganese has a beneficial 
effect upon copper impurities somewhat similar to that found with iron and, 
with the manganese content required to counter the effect of iron, copper 
can be tolerated up to 0.1% in seawater and to a 0.03% elsewhere. Addition 
of manganese to magnesium anodes yielded increased driving potential and 
efficiency (Kim and Koo, 2000). The other impurities, tin, silicon and lead, 
show little detrimental effect at their normal levels of impurity; silicon should 
be restricted to 0.1%, lead to 0.04% and tin to less than 0.005% (Morgan, 
1993). 

Two series of anode alloys are generally considered. The first is the 
high-purity anode for use in soils with high resistivity (wt% 0.02 Cu, 0.003 


© Woodhead Publishing Limited, 2011 


100 Corrosion of magnesium alloys 


Fe, 0.002 Ni, 0.1 Si as maximum values and 0.15 minimum Mn), giving, in 
these conditions, slightly lower efficiencies than the 6% Al-3% Zn alloy. The 
second is the lower-purity anode for use in seawater (wt% 0.03 Cu, 0.03 Fe 
as maximum values and 0.1 minimum Mn). The production of a high-purity 
Mg anode, with about 1% of manganese in place of the aluminum and zinc, 
has been examined. The anode has a higher driving voltage, about 200 mV 
more than the 6% Al-3% Zn alloy, and so gives about 25% higher driving 
voltage to polarized steel. The efficiency of the material is slightly lower 
than the alloyed Mg anode but as the anode is primarily intended for use in 
high-resistivity soils the increased current density of the anode will enable 
it to work at efficiencies comparable with the best of the alloys. Figure 2.13 
shows the trend of efficiencies generally reported for three categories of 
sacrificial anodes in saturated calcium sulfate solution. The success of the 
high-voltage alloy lies in its microstructure and the addition of considerable 
manganese to the metal that influence the critical current impurities (Fe and 
Cu) (Morgan, 1993). 

Addition of calcium to the Mg—Mn sacrificial anodes enhanced the anode 
efficiency in the simulated backfill electrolyte by promoting the uniformly 
distributed corrosion along the grain boundaries and increased the driving 
potential by intrinsic electronegative potential of a-Mg. The reason for the 
uniform intergranular corrosion is that Mg,Ca precipitate (cathode) at grain 
boundaries is galvanically coupled to o&-Mg matrix (anode). Larger anodic 
area limits the localized nature of the intergranular attack (Kim and Kim, 
2001). 


Environment 


Mg anodes operate at high corrosion rates in seawater because of the low 
resistivity, high chloride content and the ease with which the corrosion 
product is washed off by water movement. In soils which contain sulfate 
ions, most agricultural land does in the form of gypsum, the anode operates 
well; good drainage into the anode is necessary and this is usually obtained 
automatically where the anode is buried below the water table. In dry soils 
and those denuded of sulfates and chlorides the anode tends to polarize and 
as these soils will display a high resistivity, anode efficiency is reduced 
by the low current density achieved. Similar conditions exist in freshwater 
though polarization is reduced by sedimentation of the corrosion product 
(Morgan, 1993). 

The magnesium anode can be obtained as a bare or packaged anode. If 
packaged, the anode is delivered in a prepared backfill consisting currently 
of 75% gypsum, 20% bentonite and 5% sodium sulfate contained in a cloth 
bag (Farwest Corrosion Control Company, 2009). Where the soil conditions 
are poor it is customary to surround magnesium anodes with a mixture of 
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chemicals or backfill. The chemicals used are gypsum, sodium sulfate and 
common salt, the last, having a detrimental effect on plants, is used sparingly, 
but gypsum is common and cheap, so mixtures of this with a smaller amount 
of sodium sulfate are popular. There are two possible methods of applying 
the backfill: the chemicals and bentonite may surround the anode in a porous 
cotton bag and the whole be lowered into ground as a unit, or the chemicals 
may be mixed on site with local soil or imported clay and poured as a slurry 
into the anode hole around the magnesium (Morgan, 1993). 


2.7 Mechanism of corrosion of sacrificial anodes 


2.7.1. Potential difference 


In the presence of a good electrolyte, as little as 15 mV difference in corrosion 
potential of the two metals can have an effect, and if the difference is 30 mV 
or greater the anodic material will definitely corrode sacrificially to protect 
the contacting cathodic metal at least partially (Ghali, 2010). When exposed 
to a given environment, the potential of a metallic material is determined by 
many factors, such as temperature, liquid flow rate and the level of aeration. 
Although the potential difference is the origin and the cause of the existence 
of the galvanic cell, it gives no information about the kinetics of galvanic 
corrosion. Kinetics depends on the current flowing between the two metals 
in the couple and this is function of polarization phenomena (mainly electron 
transfer, concentration of appropriate ionic species and conductivity of the 
electrolyte) (Roberge, 2006). The severity of galvanic sacrificial action is 
determined by the galvanic current and can be expressed as follows: 


1 = (Ex — E,)(Rm + Re) 2.18 


where F, and E, are the polarized measured potentials of the cathode and 
anode, respectively, and R,, and R, are the resistances of the metal-to-metal 
contact and the electrolyte portions of the circuit, respectively. In many 
practical applications, R,, is negligibly small and is a function of electrical 
and mechanical factors and R, (the electrolyte resistance) then becomes the 
controlling factor in the circuit resistance. The conductivity and composition 
of the medium at the interface of both metals are controlling factors in the 
rate of sacrificial corrosion. 


2.7.2. Anode/cathode surface area ratio of sacrificial 
anodes 


The electric resistance between two conductors frequently becomes low 
because of oxide formation accompanied by diffusion control and the 
polarization of the two electrodes, etc. (Ghali, 2000; Mears, 1976). If the 
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surface area of the anode is very low with respect to the cathodic surface, 
the rate of general corrosion will be very high at the limited anodic surfaces, 
and this can lead to severe localized corrosion and perforation. The larger 
the cathode surface as compared with that of the anode, the more oxygen 
reduction or other cathodic reaction can occur, and hence the greater the 
galvanic current. Under static or slow-flow conditions, where the galvanic- 
corrosion current is often dependent on the rate of diffusion of dissolved 
oxygen to the cathode, the total amount of galvanic corrosion is independent 
of the size of the anode and proportional to the area of the cathodic—metal 
surface. Thus for a sacrificial anode with a constant cathodic area, the total 
amount of corrosion of the anode is constant, but the corrosion per unit area 
of the anode increases as its area is decreased, due frequently to blockage by 
excessive corrosion products. Seawater, with a low resistivity (a few ohms/ 
cm7), is particularly prone to showing pitting and crevice types of corrosion 
when the solution is stagnant (Roberge, 2006). 


2.7.3. Sacrificial magnesium and cathodic corrosion of 
aluminum alloys 


Magnesium and its alloys are definitely anodic to the Al alloys and, thus, 
contact with aluminum increases the corrosion rate of magnesium. For 
example, in sodium chloride solutions (3-6%), the potential of Mg alloys 
is ~ —1.67 V/SHE while that of Al-12%Si and pure aluminum are —0.83 to 
—0.85, respectively. However, such contact is also likely to be harmful to 
aluminum, since magnesium may send sufficient current to the aluminum to 
cause cathodic corrosion in alkaline medium. Aluminum oxide is amphoteric 
and so it is soluble in acid as well as in alkaline solutions. The standard 
reduction potentials of these two half-reduction reactions are (—1.66 V/SHE) 
and (—2.35 V/SHE), respectively. Alkaline reaction of the possible existence 
of aluminum phase in sacrificial Mg anodes is: 


H,A10; + H,O + 3e° @ Al + 4 OH (— 2.35 V/SHE) 2.19 


Cathodic corrosion of aluminum is much less severe in seawater than in 
NaCl solution since the buffering effect of Mg ions reduces the equilibrium 
pH from 10.5 to about 8.8 (Arsenault and Ghali, 2006). Exposure of iron 
aluminum intermetallic particles (e.g. FeAl,) engages in separate galvanic 
activity with magnesium. For this reason AA 5056 rivets (aluminum base 
alloy) have been extensively employed in assembling Mg alloy structures 
since its tolerance is up to 1000 ppm of Fe content, while for other aluminum 
alloys a maximum of 200 ppm Fe has been already stated (Ghali, 2000; 
Mears, 1976). 
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2.8 Examples of actual and possible uses 


2.8.1 Pipe line protection 


The usual form of the anode is a prefabricated bracelet which is either 
made of segments of anode attached to a pair of steel split rings, or the 
anode itself is cast as a hallow semi-cylinder and the two halves are joined 
together. Two typical types of bracelet are shown in Fig. 2.14. The bracelet 
is usually made to conform to the weight coating on the line but occasionally 
the weight coating is insufficiently thick and then the anode is tapered. By 
doing this it will pass over the rollers and can be laid with the pipe. To 
ensure continuity it is usual to attach a jumper lead from the anode bracelet 
to the pipe. This is sometimes done by thermite welding and sometimes by 
other techniques, including welding to pads or lugs fabricated in the pipe 
shop (Morgan, 1993). 


2.8.2. Water heaters 


Pure magnesium is used in private and apartment steel reservoirs of hot 
water. Their service life duration for domestic water reservoirs can exceed 
10 years but checking is necessary since accelerated corrosion rates are 
functions of water composition. Domestic tanks are of two kinds; either they 
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2.14 Bracelet anodes for subsea pipe lines (Morgan, 1993). 
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are rectangular of 94.6 to 151.4 liter capacity for the average household, or 
they are cylindrical and somewhat larger (Morgan, 1993). The rectangular 
type can be protected by an anode mounted on to the inspection plate or 
bolted to the tapped holes in the tank. Larger cylinder tanks are best protected 
by a long magnesium rod which can have a threaded insert in a steel core 
(Fig. 2.15) or can be attached directly to a pipe fitting, often the inlet pipe 
being modified to hold the anode. 

Mg anodes can deliver sufficient current density 21.5 to 32.28 mA/m? to 
protect the inner wall of a galvanized steel hot water tank. It is reported that 
galvanized hot water tanks either corrode within few years or, if they last 
longer than this, remain sound for 15 to 20 years. This is supported by the 
fact that scale formation has a preservative or corrosion preventive effect 
of galvanized steel in hard water. Soft water can prevent the formation of 
this scale due to localized galvanic corrosion that can lead to perforation. 
It is suggested that if a tank is cathodically protected for the first year or 
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2.15 Cathodically protected hot water tank with Mg anode (Uhlig and 
Revie, 1985). 
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so to form a deposit of chalk upon its surface, then it will last for a further 
15 to 20 years even though the anode is no longer giving current (Morgan, 
1993). 

The most important factor in whether a water heater fails is the condition 
of its sacrificial anode. Generally, a 6 year warranty residential tank will have 
one, while a 12 year warranty tank will have two or an extra-large primary 
anode. Commercial tanks have from one to five. Special Al/Zn sacrificial 
anodes or powered anodes may be used to resolve odor problems caused 
by bacteria in some water. Magnesium is frequently preferred to aluminum 
for several reasons principally because aluminum produces less driving 
current between anode and cathode and shows less protection especially 
in soft water. Also, aluminum produces about a thousand times its original 
volume in corrosion by-product, most of which falls into the bottom of the 
tank as a sort of jelly or chunk, and adds to sediment buildup there, or can 
occasionally float out the hot water port (http://www.waterheaterrescue, 
1995-2009). 


2.8.3 Cathodic protection of steel in concrete using Mg 
alloy anode 


Corrosion of steel (0.01 m diameter and 1m long) embedded in concrete 
structures and bridges can be prevented by cathodic protection, employing 
impressed current system. Use of sacrificial anode system for the above 
purpose is very limited. An Mg alloy anode containing 0.184% manganese, 
designed for 3 years’ life, was installed at the center of reinforced concrete 
slab, containing 3.5% sodium chloride with respect to the weight of the 
cement. The shift in potential towards less negative values and the decrease 
in chloride content with time at any distance from anode confirmed the 
protection offered to the embedded steel. The potential of the embedded steel 
shifted from more negative values to less negative plateau, at all distances 
from the anode. The current flowing in the concrete decreased with increase 
in time (42 months) (Parthiban et al., 2008). 


2.9 Evaluation of the sacrificial behavior 
2.9.1. General considerations 


The effect of applied current, testing time and microstructure on the 
electrochemical properties of magnesium-based sacrificial anode in potable 
water was evaluated by Andrei et al. (2003). The Al-Zn Mg alloy AZ63 alloy 
was utilized as the Mg sacrificial anode for use in potable water considered 
as a high-resistivity electrolyte. The anodes were tested in order to evaluate 
the main anode properties such as efficiency, current capacity and charge 
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loss (by hydrogen reaction). The results showed relatively low efficiency and 
current capacity, especially at low current densities and short testing time. The 
processes that contribute to the anode wastage are: (1) hydrogen evolution 
from micro-cathodic sites on the alloy surface, termed local cell action (LCA) 
and (2) mechanical loss of metal, known as the chunk effect (CE). Each 
phenomenon was evaluated with its equivalent delivered current. 

The corrosion process of a sacrificial Mg alloy is evaluated in the laboratory 
in either 3% NaCl solution or a solution containing 5 g CaSO4. 2H,O and 
0.1 g Mg (OH),/L), as recommended after the ASTM G97 standard. Beside 
the ASTM procedure, there is also the Mexican test method (NMX-K- 
109-1977, ‘Magnesium anodes used in cathodic protection’) that considers 
a test environment made of artificial seawater. Both standards consider 
galvanostatic tests, in which a known direct current is passed through test 
cells connected in series in order to determine efficiency of sacrificial anode 
materials (Guadarrama-Mu-—oz et al., 2006). 


2.9.2 Polarization and impedance methods of 
investigation 


Polarization curves and EIS were used by Guadarrama-Mu-oz et al. (2006) 
to evaluate three sacrificial anodes. The quantity of important elements of 
the three specimens of Mg alloys M1, M2 and M3 is given respectively in 
wt%: Al (<0.01, 0.01, 7.2); Cu (0.001, 0.001, 0.13); Fe (0.01, 0.002, 0.006); 
Mn (0.07, 0.75, 0.18); Ni (0.001, 0.001, 0.004); Zn (0.003, 0.01, 3.92). The 
magnesium content of these three anodes was in wt% (99.1, 94.94, 85.94) 
respectively. Polarization curves and EIS were used (Guadarrama-Mu-—oz 
et al., 2006). The weight loss during the test period can be compared to 
theoretical weight loss calculated based on coulometer measurements for 
thorough comparison or as a reference. 


Potentiodynamic polarization tests 


Polarization curves were carried out, in each testing solution, after 6h of 
exposure time. This period of time showed near steady-state conditions of 
the E,, (AE < 10mV for 60 min) are reached. All polarization curves were 
recorded potentiodynamically with a sweep rate of 10mV/min. A potential 
range of + 300 mV, referred to as E,,, was selected. 

The 3% NaCl solution is more aggressive to the Mg alloy specimens 
than the ASTM solution. It can be stated also that, during all the exposure 
time, M3 alloy shows the more noble values of E,.; M1 specimen shows 
the more active values of E,.; while M2 gives values of E,, between those 
of M1 and M3 values. The measured data indicate that the M1 sample is 
the only one that fulfills the value of open circuit potential as stated in the 
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NMxX< standard. Figure 2.16 shows the obtained polarization curves in the 
simulated backfill solution. It is clear that the slope of each polarization 
curve is different for each specimen in each environment. This difference 
can be associated with the different corrosion rates as related to the chemical 
composition of the magnesium alloys. The polarization curves show that the 
pure Mg anode (M1) is more active by ~36 mV if compared with that of M3. 
The calculated corrosion rates of pure Mg M1 and M2, M3 alloys (igo, in 
mA/cm?) are 0.0079, 0.0072 and 0.046, showing the accelerating influence 
of impurities (alloy M3) and the beneficial content of manganese combined 
with fewer impurities (M2). 


EIS measurements 


The Nyquist representation of the impedance shows two clear semicircles 
that can be associated to two time constants (Fig. 2.17), therefore to two 
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2.16 Polarization curves for M1, M2 and M3 Mg alloy specimens; 
CaSO,-2H,O-—Mg(OH), solution (ASTM G97-97), after 2.5h of 
immersion time (Guadarrama-Mufoz et al., 2006). 
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2.17 EIS spectra, Nyquist representation, at 6h immersion of the 
sacrificial alloy M1; with the corresponding equivalent circuit (ASTM 
solution) (CPE = constant phase element) (Guadarrama-Mufoz et al., 
2006). 


capacitors. This can be described by a simple electrical equivalent circuit 
made of: one resistor, associated to the solution resistance (R,), in series with 
two parallel resistor—capacitor (R—C) circuits, both connected in series. One 
circuit representing the charge transfer process taking place on the surface 
of the alloy R,—C, and a second circuit associated to the film of corrosion 
products covering the surface of the electrode Rgi~—Cgim- 

It was found that, when an Mg alloy, intended to work as a sacrificial 
anode, is polarized at a constant anodic potential, near the OCP (E,,), the 
dissolution process can be described by an electrical equivalent circuit similar 
to the one described above (Guadarrama-Mu-oz et al., 2006). 

When an Mg alloy does not fulfill the chemical composition specified for a 
sacrificial magnesium anode, features as inductive loops at lower frequencies 
appear in the Nyquist representation of the measured impedance. As the 
magnesium alloy is polarized further away from its E,,, in the anodic direction, 
the Nyquist representation of the impedance exhibits inductive loop behavior 
(Fig. 2.18). This fact leads to the consideration of an inductor component 
in the corresponding electrical equivalent circuit. This inductive loop can 
be associated with the adsorption and desorption phenomena occurring on 
the surface of the sample and leading to the process of formation of the 
corrosion product layer on the surface of the electrode (Guadarrama-Mu—oz 
et al., 2006). 


2.10 Future trends 


Recent progress in science and technology is leading to more corrosion-resistant 
alloys and is promising to discover the real passive Mg alloys. Original new 
creep-resistant alloys for structural purposes and new appropriate surface 
preparation, pre-treatments and coatings will open the door to this metal for 


© Woodhead Publishing Limited, 2011 


Activity and passivity of magnesium (Mg) and its alloys 109 
M3 sample in ASTM G-97-97 
300 M3 sample in ASTM solution 
Ca 
< 200 11 
€ i 
1?) 
S 100+ Rs Reiim Ret 
y! — Fitting 
ir A Test oo oe 
~ CPE = Crim L, 
-~100 ! ! 1 ! ! L ! ! 
0 100 200 300 400 500 600 700 800 900 1000 


Z’ (Qcm?) 


2.18 EIS spectra, Nyquist representation, at 6h immersion; with the 
corresponding equivalent circuit of the sacrificial alloy M3 (ASTM 
solution) (Guadarrama-Mufoz et al., 2006). 


innovative applications. The use of magnesium and its alloys as sacrificial 
anode for cathodic protection is gaining importance. Magnesium or its alloys 
can be employed as biodegradable material for human body implants for 
example but they need better corrosion control for lower corrosion rates. The 
mechanism of dissolution needs to be better understood. Corrosion fatigue, 
fretting corrosion, fretting corrosion fatigue and corrosion-erosion need to 
be further explored for the metal and its alloys in considering the active 
and passive states of the material. Considering the importance of MMCs of 
magnesium for certain applications, their microstructural effects on galvanic 
corrosion can be investigated with innovative methods of surface treatment 
and coating, accompanied by appropriate electrochemical techniques of 
investigation. 
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Abstract: An overview is provided of the following aspects which determine 
the form and rate of corrosion of typical two-phase magnesium (Mg) 

alloys: (i) measurement details; (ii) concentration of the impurity elements 
iron, nickel, copper and Co; (iii) volume fraction, size, distribution and 
electrochemistry of second phases; (iv) heat treatment; (v) propensity 

of the environment to cause surface film formation and breakdown; and 

(vi) the composition of the a-Mg matrix. Our understanding of the Mg 
corrosion mechanism is based on research using chloride solutions, which 
are appropriate for applications such as auto service. These chloride 
solutions are quite aggressive. The chloride ions tend to break down the 
partly protective film on the Mg alloy surface. The corrosion rate increases 
with exposure time until steady state is reached, which may take several 
weeks. This understanding can elucidate corrosion for the other application 
of growing importance to Mg alloys as biodegradable medical implants. 
Solutions that elucidate medical applications tend to form surface films and 
the corrosion rate decreases with immersion time. The surface films increase 
the resistance between micro-galvanic elements in the microstructure, 

so that there is less acceleration of the corrosion rate by second phase 
particles. Surface condition is an additional influence on the corrosion of Mg 
components. This is of significantly greater importance for auto applications 
than for medical applications because cost effectiveness is much more 
important for auto applications. 


Key words: Mg alloy, corrosion, metallurgy. 


3.1 Introduction 


This chapter provides an overview of the corrosion mechanisms of typical 
Mg alloys, most of which contain two or more phases. Magnesium (Mg) 
is a reactive metal and corrosion protection is an issue of importance [1] 
particularly for the automobile industry. The rapid increase in Mg use is 
due to its lightweight and good casting capabilities, particularly its ability 
to be diecast into large, thin sections. Typical examples are automobile 
seats, instrument panels, computer cases, etc. Reviews [1-4] and our early 
research [5—9] have indicated that the poor corrosion resistance of Mg alloys 
results from (a) the high intrinsic dissolution tendency of magnesium, which 
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is only weakly inhibited by corrosion product films, and (b) the presence 
of impurities and second phases acting as local cathodes and thus causing 
local galvanic acceleration of corrosion. The cathodic reaction is hydrogen 
liberation. This chapter deliberately focuses on understanding the corrosion 
mechanisms. 


3.2 Measurement details 


Much of our understanding of Mg corrosion [1-4] has come from studies 
in chloride solutions, typically 3% NaCl. These solutions are used to 
understand corrosion associated with applications such as automobiles where 
corrosion conditions can be aggressive because of road salt or because of 
proximity to the ocean. The corrosion rate for Mg alloys is typically more 
than 1 mm/yr in common testing environments like 3% NaCl solution. No 
alloying element has been discovered [1-3] that produces a solid solution 
Mg alloy with a corrosion rate less than that of high-purity (HP) Mg in 3% 
NaCl. Consequently, it is useful to include HP Mg as a standard in any 
comparative study of corrosion of Mg alloys as illustrated in Fig. 3.1 for 
binary two-phase Mg-—Y alloys [10] (see also [2,11,12]). Moreover, it is 
important to use HP Mg as the standard; commercial purity (CP) Mg can 
have a corrosion rate more than 50 times that of HP Mg [2,8] and so CP 
Mg should be designated as low-purity (LP) Mg. This is illustrated in Fig. 
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3.1 Average corrosion rate of binary two-phase Mg-Y alloys as a 
function of yttrium content is greater than the corrosion rate of high- 
purity Mg which is used as a standard for comparison [10]. 
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3.2 [13], which presents the corrosion behaviour for immersion in 3% NaCl, 
as revealed by hydrogen evolution, for LP Mg (280 ppm Fe), HP Mg (45 
ppm Fe) and Mg—Al-Fe alloys. The behaviour of the Mg—Al-Fe alloys was 
dominated by the Fe impurity. Note the significant difference in corrosion 
behaviour between HP Mg and LP Mg. HP Mg in the corrosion context 
means an alloy in which all the impurity elements have concentrations below 
their concentration-dependent tolerance limits [13]. Figure 3.1 also indicates 
that the corrosion rate of HP Mg is much lower than 1 mm/yr in solutions 
that are less corrosive than 3% NaCl. 

The corrosion of HP Mg and Mg alloys typically starts on part of the 
exposed surface and slowly extends over the whole surface. The corrosion rate 
changes with immersion time. Figure 3.3 [10] illustrates a typical example 
where hydrogen evolution was used to characterise the corrosion of binary 
Mg-Y alloys immersed in 0.1 M NaCl. Low corrosion rates are typically 
measured during early exposure times in chloride-containing solutions; such 
data are partly dominated by the breakdown of whatever surface film is on 
the surface at the start of the immersion test. Thus specimen preparation is 
important. It is fairly standard to abrade Mg specimens to 1200 grit some 
time before solution immersion. The corrosion rate can be evaluated at any 
desired time from the slope of the hydrogen evolution data such as that 
illustrated in Fig. 3.3, or an average corrosion rate can be evaluated from 
the average hydrogen evolution over a particular time period. 

The critical review of Mg corrosion by Song and Atrens [2] in 2003 indicated 
that, for Mg alloys, Tafel extrapolation had not estimated the corrosion rate 
reliably. Shi et al. [14] examined this issue further. The hypothesis that the 
corrosion of Mg alloys can be adequately estimated using Tafel extrapolation 
of the polarisation curve was termed the electrochemical measurement 
hypothesis for Mg. In principle, any hypothesis can be disproved by a single 
valid counter-example. Shi et al. [14] found that the literature shows that, for 
Mg alloys, corrosion rates evaluated by Tafel extrapolation from polarisation 
curves have not agreed with corrosion rates evaluated from weight loss and 
hydrogen evolution. Typical deviations have been ~50% to 90%. These are 
much larger than the precision of the measurement methods and indicate a 
need for careful examination of the use of Tafel extrapolation for Mg. For 
research that nevertheless does intend to use Tafel extrapolation to elucidate 
corrosion of Mg associated with service, it is strongly recommended that these 
measurements be complemented by the use of at least two of the three other 
simple measurement methods: (i) weight loss rate, (ii) hydrogen evolution 
rate and (iii) rate of Mg** leaving the metal surface. There is much better 
insight for little additional effort. 

Shi et al. [15] carried out a study to evaluate electrochemical measurements 
for HP Mg, the simplest Mg alloy. For measurements of Mg alloy corrosion 
and for Mg alloy electrochemical measurements, it is common [1,2,8,10—13] 
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3.3 Hydrogen evolution for binary Mg-Y alloys in 0.1M NaCl. The 
corrosion rate can be evaluated as an instantaneous value from the 
slope of the hydrogen evolution curve or can be evaluated as an 
average value over a selected time period [10]. 


to encapsulate specimens so that one defined surface is exposed to the 
solution such as the arrangement illustrated in Fig. 3.4. This method allows 
the surface to be prepared to the desired surface finish: (i) e.g. grinding 
to 1200 grit for corrosion immersion measurements, and (ii) e.g. diamond 
polishing when it is desired to study the details of the corrosion morphology 
and its development. Electrical connections through the back of the specimen 
allow electrochemical measurements. However, Tafel extrapolation from 
polarisation curves measured with such specimens has predicted corrosion 
rates [14] that were not in good agreement with the actual corrosion rate as 
determined by hydrogen evolution or by weight loss, which typically agree 
within 10%. 

For HP Mg, crevice corrosion was identified as causing an issue by Shi 
et al. [15]. Polarisation curves were not reproducible for HP Mg specimens 
encapsulated as illustrated in Fig. 3.4 and immersed in 3.5% NaCl saturated 
with Mg(OH)>, and such cathodic curves predict a rather high corrosion rate. 
With this specimen arrangement, crevice corrosion starts in the crevice between 
the Mg and the mounting medium. The crevice is also often the initiator of 
corrosion on the exposed Mg surface. Moreover, whenever there is crevice 
corrosion, the corrosion rate is substantially higher than in the absence of 
crevice corrosion. Crevice corrosion in other systems (Fe, stainless steels, 
Al alloys) is considered to be driven by an oxygen concentration cell, with 
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3.4 Typical encapsulation of Mg alloys for electrochemical 
experiments. One Mg surface is exposed to the solution. This surface 
can be prepared to the desired surface finish [15]. 


PTFE tape 
Insulated 
Cu wire 


3.5 Specimen configuration which had essentially no crevice 
corrosion. An insulated copper wire with a bared end was forced into 
a slightly undersized hole machined into the edge of the Mg sample. 
Poly(tetrafluoroethylene) (PTFE) tape was wound around the end of 
the insulated copper wire to ensure there was no crevice between 
the sample and the insulated copper wire [15]. 


oxygen reduction the cathodic reaction. Oxygen reduction is not considered 
to be important for Mg corrosion [1-3], so crevice corrosion of Mg is totally 
unexpected and the mechanism is totally unexplored at this stage. 

Figure 3.5 provides a specimen configuration that has allowed corrosion 
immersion experiments to be carried out without crevice corrosion for 
HP Mg immersion in 3.5% NaCl saturated with Mg(OH),. This specimen 
configuration allows measurement of reproducible polarisation curves 
without any significant crevice corrosion. Tafel extrapolation was used to 
estimate the corrosion rate at the corrosion potential, i,,,,, which was used 
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to estimate the corrosion rate, P;. This specimen configuration also allows 
simultaneous measurement of the evolved hydrogen, which allows an 
independent evaluation of the corrosion rate, designated as Py. Figure 3.6 
shows a comparison of the corrosion rate evaluated from hydrogen evolution, 
Py, compared with the corrosion rate, P;, evaluated from i.,,,, obtained by 
Tafel extrapolation of polarisation curves using the specimen configuration 
of Fig. 3.5. There was good agreement between Py, and P;. Moreover, P; was 
less than Py as expected from the negative difference effect. The apparent 
Mg valence, evaluated as the quantity 2(P,/Py), had an average value of 
1.4 in good agreement with the value of 1.5 measured by Petty ef al. [16]. 
It is also stressed that the value of Py ~ 0.6mm/yr was significantly lower 
than prior measurements which typically evaluate the corrosion rate of 
pure Mg = ~ 1 mm/yr, for measurements using the specimen configuration 
illustrated in Fig. 3.4 where there is typically crevice corrosion, indicating 
that crevice corrosion causes an apparent corrosion rate about double that 
which is measured with no crevice corrosion. 


1.0 


Corrosion rate (mm/year) 


0.0 1 1 1 
0 2 4 6 8 
Time (day) 


3.6 Corrosion rate measured from Tafel extrapolation, P., from 
cathodic polarisation curves measured with the specimen 
configuration shown in Fig. 3.5 for pure Mg immersed in 3.5% 
NaCl saturated with Mg(OH), [15]. Simultaneous measurements 

of hydrogen evolution gave independent measurements of the 
corrosion rate, designated as Py. There was excellent agreement 
between the two independent measurements of the corrosion rate, 
P. was less than Py as expected from the negative difference effect 
(NDE), and the apparent valence of Mg was equal to 1.4 from the 
average value of 2P,/Py. 
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3.3 Second phase effect 
3.3.1 Micro-galvanic corrosion 


The active nature of Mg means that galvanic corrosion is always an issue. 
Typical values of the corrosion potential E,,,, are given in Table 3.1 for 
common engineering alloys. Mg is more active than all other engineering 
alloys, and consequently Mg is the anode and corrodes preferentially in any 
galvanic couple. Macro-galvanic corrosion is illustrated in Fig. 3.7(a) in 
terms of coupling with a less active metal, while Fig. 3.7(b) illustrates micro- 
galvanic corrosion in which the second phase causes galvanic acceleration 
of the corrosion of the alpha-Mg matrix. 

Second phases have a pronounced influence on the corrosion of Mg, because 
most elements influence only the corrosion of Mg alloys after the formation 
of a second phase. For example, a high Al content alloy like AZ91 has an 
appreciable amount of B, Mg,7Al,. along the o-grain boundaries. Figure 
3.8 shows the microstructure of as-cast AZ91D. Mg,7Al,2 is cathodic with 
respect to the matrix (see Table 3.2[17]) and exhibits passive behaviour over 
a wider pH range than either of its components Al and Mg [18] (Fig. 3.9). 
Mg,7Al,2 was inert in chloride solutions in comparison with the surrounding 
Mg matrix and could act as a corrosion barrier [19] so that its distribution 
determined the corrosion resistance of the Mg—Al alloys [8,19]. The resistance 
of the Mg,7Al1,2 to corrosion is due to the presence of a thin protective film 
on its surface. However, there was also an opposite opinion that Mg,7Alj 
is detrimental to the Mg matrix. It was suggested [20] that the absence of 
the Mg;7Al,2 could enhance the corrosion resistance of the Al-rich Mg—base 
alloys by eliminating the micro-galvanic effects. The Mg—Al-based alloy was 
reported to corrode predominantly by galvanic action between the magnesium 
matrix and Mg,7Al,2 phase [21]. 


3.3.2 Electrochemistry of second phases 


Song et al. [7,8] measured the polarisation curves for the o-phase and the 
B-phase as shown in Fig. 3.9. The o-phase has a pitting potential about 15 mV 


Table 3.1 Typical corrosion potential values 
for common engineering alloys 


Metal Eeorn Vsce 
Mg -1.65 
Zn -1.02 
Al-7075 -0.88 
Al-1xxx -0.73 
Fe —0.50 
Cu -0.12 
Ni +0.01 


© Woodhead Publishing Limited, 2011 


Corrosion of magnesium (Mg) alloys and metallurgical influence 


B 


Impurity r- 


\ f 


(b) 


125 


3.7 (a) Macro-galvanic corrosion. (b) Micro-galvanic corrosion [2,8]. 


Die-cast AZ91D 


3.8 The microstructure of as-cast AZ91 (a typical two-phase alloy) 
consists of primary a-Mg and the eutectic micro-consituent which 


contains eutectic-a plus the B phase (the intermetallic Mg,7Al,2) [2,8]. 


more negative than its free corrosion potential, consistent with observations 
of pitting corrosion for the &-phase exposed to 1 M NaCl at the free corrosion 
potential. The B-phase has a higher cathodic activity than the o-phase, and 
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Table 3.2 Typical corrosion potential values [17] for common 
magnesium second phases (after 2h in de-aerated 5% NaCl 
solution saturated with Mg(OH), (pH 10.5)) 


Metal eon Vsce 
Mg -1.65 
Mg,Si 1.65 
AlsMn 1.52 
Al,Mn 1.45 
AlsMns 1.25 
MgyAlao (8) -1.20 
AlgMns(Fe) -1.20 
B-Mn “AAT 
Al,RE 1.15 
AlgMn(Fe) -1.10 
Alg(MnFe) -1.00 
Al3Fe(Mn) —-0.95 
Al3Fe 0.74 


RE = rare earth elements. 


Pitting 


-1800 -1700 -1600 -1500 -1400 -1300 -1200 -1100 -1000 
E (mV) 


3.9 Polarisation curves for the a-phase and the B-phase in 1M NaCl 
at pH 11 [2,8]. 


the anodic dissolution rate is much lower below the pitting potential than that 
of the a-phase. At the corrosion potential the corrosion current density of 
the B-phase is much lower than that of the o-phase. These findings indicate 
that the B-phase is more stable in NaCl and is more inert; the B-phase is, 
however, an effective cathode. Consequently, the B-phase has two influences 
on corrosion, as a barrier and as a galvanic cathode, depending on the volume 
fraction and distribution of B. The B-phase serves as a galvanic cathode and 
accelerates the corrosion of the o-matrix if the volume fraction of B-phase is 
small. However, for a high-volume fraction, the B-phase can act as a barrier 
to inhibit corrosion if the B-phase is essentially continuous. 
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In addition to the R-phase, the most potent cathodes in Mg—Al alloys were 
thought to be the iron-rich phases; the iron—aluminium intermetallic phase 
FeAl is one of the most detrimental cathodic phases in Mg—Al alloys on the 
basis of its potential and low hydrogen over-voltage [22]. AlIMn [17,18] is 
also detrimental, and Mg,Si [18] seems to have no influence, while Mg>Pb 
facilitates localised corrosion and leads to a negative difference effect. 

The matrix i-phase in Mg alloys is typically anodic to the second phases 
and is preferentially corroded. Song et al. [7,8] suggested that the primary 
a and eutectic o-phases, which have different aluminium contents, have 
different electrochemical behaviour. Both the primary and eutectic & can 
form a galvanic corrosion cell with the B-phase, as illustrated in Fig. 3.10. 
There are therefore two kinds of corrosion morphology: 


e the primary © grain is preferentially dissolved; and 
e the B-phase is undermined because of the dissolution of the eutectic 
Q. 


Actual exposure of diecast AZ91D in NaCl illustrated both corrosion 
morphologies (Fig. 3.11). Furthermore, Song ef al. [8] found that the 
casting method influenced the corrosion performance through microstructure 
differences. The skin of diecast AZ91D showed a corrosion resistance 
significantly better (by nearly a factor of ten) than its interior, Table 3.3. 
This was attributed to a higher volume fraction of 8, and more continuous 
B around finer o-grains. If the o-grains are fine and the B-fraction is not 
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3.10 Schematic representation of the galvanic corrosion between the 
B-phase and the a-phases [2,8]. 
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3.11 Appearance of AZ91 after a short period of corrosion [2,8]. 


Table 3.3 Corrosion rates under open circuit conditions in 1M NaCl [8] 


Sample Rate (mm/yr) Mechanism 

LP Mg (240 ppm Fe) 53 Impurity accelerated corrosion 

HP AZ91 sand-cast 12 B accelerates corrosion 

AZ91D — diecast (interior) 5.7 B accelerates corrosion 

HP Mg 1:1 Standard for comparison 

AZ91D — diecast (surface) 0.66 B protects 

B-phase 0.30 

Z-phase ?? 106 2? Needs to be more passive than the 


B-phase and have a lower ability 
to liberate hydrogen on its surface 


too low, then the B-phase is nearly continuous like a net over the o-matrix, 
and the B-phase particles do not easily fall out by undermining. Instead, the 
Q-matrix is much more easily corroded. Also if the a-grains are fine, the 
gaps between B-particles are narrow and the B-phase is nearly continuous. 
The corrosion of the B-phase is then quite easily obstructed by corrosion 
products on its surface, and so the corrosion is greatly retarded. Figure 
3.12 schematically illustrates this case. On the other hand, if the grain size 
is large, the B-phase is agglomerated and the distance between the B-phase 
is large, then the corrosion of the a-phase is not effectively blocked either 
by the B-phase or by corrosion products, and the B-phase accelerates the 
corrosion of the o-phase. 

The active nature of Mg means that micro-galvanic effects are always an 
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3.12 Schematic representation of protection of the corroding 
surface (top surface) by the B-phase when the B-phase is essentially 
continuous [2,8]. 


issue. Typical values of E,,,, are given in Table 3.2 for Mg second phases 
[2,18]. Mg is more active than all known second phases, and consequently 
the Mg matrix is the anode and corrodes preferentially in any galvanic 
couple. Acceleration of corrosion of two-phase Mg alloys by second phases 
has been reported for AZ91 [8,12,23,24], ZE41 [11,25], NK30K [26,27], 
Mg-xGd-3 Y-0.4Zr (x = 6, 8, 10, 12%) [28], Mg—10Gd-—3Y-0.4Zr [29], 
Mg-Zn-RE [30], Mg—6Zn—-1Y-0.6Zr [31], Mg—Zn—Mn-Si-Ca [32,33], 
Mg-8Li [34], Mg—RE (0.5-5% La, 0.5-5% Ce, 0.5-4% Nd) [35]. Birbilis 
et al. [35] showed that the corrosion rate increased with volume percent 
intermetallic for Mg—Ce, Mg—La and Mg—Nd alloys; the second phases were 
Mg).Ce, Mg,2La and Mg3Nd. 


3.3.3 Distribution of second phases 


The possible types of behaviour are summarised by the corrosion rate data 
in Table 3.3 for HP Mg and Mg alloys corroding at their free corrosion 
potentials in 1 M NaCl at pH 11. HP Mg, taken as standard for comparison, 
showed a corrosion rate of 1.1 mm/yr. A higher corrosion rate was shown by 
the interior of diecast AZ91D and by the HP sand-cast AZ91. The B-phase 
accelerated the corrosion. In contrast, the surface of diecast AZ91D had a 
corrosion rate lower than that of HP Mg. The B-phase provided protection 
as is clear from the still lower corrosion rate shown by pure B. 

However, the corrosion rate of the B-phase is nevertheless quite high. 
Practitioners of corrosion protection working with aluminium (Al) alloys 
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find [36] that the corrosion properties of Al alloys are severely degraded by 
this same phase, the B-phase. This points to the methodology by which it 
would be possible to increase the corrosion resistance of Mg alloys by the 
alloying to produce a radically different second phase; let us designate this 
new phase the Z-phase. Much better corrosion for the alloy becomes possible 
if this new second phase, the Z-phase, has a corrosion resistance much greater 
than that of the B-phase. Such a Z-phase should be more passive than the 
B-phase and also have a much lower ability to allow hydrogen evolution on 
its surface. 


3.3.4 Heat treatment of AZ91 


Zhao et al. [12,24] studied the influence of the microstructure, particularly 
the morphology of the B-phase, on the corrosion of Mg alloys using AZ91 
as a model Mg alloy. Corrosion was characterised for five different types 
of microstructure produced by heat treatment of as-cast AZ91 as illustrated 
in Fig. 3.13. The influence of microstructure can be understood from the 
interaction of the following three factors: 


e The surface films can be more or less effective in hindering corrosion 
and more or less effective in controlling the form of corrosion as uniform 
corrosion or localised corrosion. 

e The second phase (the B-phase in AZ91) can cause micro-galvanic 
acceleration of corrosion. 

e The second phase can act as a corrosion barrier and hinder corrosion 


Homogenisation annealing at 380°C for 10h Ageing at 200°C for 5h 


D) 


| ee 


$S4100 


Solid solution at 410°C for 100h 


3.13 Heat treatment of AZ91 [12,24]. 
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propagation in the matrix, if the second phase is in the form of a 
continuous network. 


It is expected that these factors are important for all multiphase Mg alloys 
because all known second phases have corrosion potentials more positive 
than that of the a&-phase. A particular example of the corrosion barrier effect 
is provided by the fine (a + 8) lamellar micro-constituent; when a B-phase 
plate nucleates this micro-constituent, the B-phase plate acts as a corrosion 
barrier. In contrast, nano-sized B precipitates, produced by ageing, caused 
micro-galvanic corrosion acceleration of the adjacent o-phase. 

A homogenisation annealing (HA) heat treatment was proposed [24] for 
property enhancement for AZ91; HA for 10h at 410°C caused an improvement 
in hardness, ultimate tensile strength and ductility without loss of corrosion 
properties. The improvement of the mechanical properties is due to the absence 
of a continuous easy crack path. The influence on the corrosion behaviour 
of the microstructure was studied (including (i) o&-Mg and fine lamellar a + 
B plus coarse B particles, (ii) o-Mg and isolated coarse B particles and (iii) 
a-Mg and isolated fine B particles). The fine lamellar a + B do not cause 
preferential corrosion but act as a corrosion barrier to a certain extent. The 
isolated coarse B particles cause a significant micro-galvanic corrosion of 
the o-Mg matrix but do not act as a significant corrosion barrier, resulting 
in relatively poor corrosion properties for the moderate strength condition 
(HA for 5h at 380°C). In contrast, the isolated fine B-particles do not lead to 
an obvious loss of corrosion resistance because they act as a small cathode 
connected to a large anode (a-Mg matrix) so that the peak aged condition 
(HA for 10h at 410°C) has negligible micro-galvanic corrosion. 


3.3.5 Heat treatment of Mg-(2-15)Gd 


Hort et al. [37] explored the use of Gd as an alloying element for Mg alloys 
for biodegradable implant applications. The Mg—Gd phase diagram indicates 
that Gd has a large solubility of 23.5% at the eutectic temperature of 548 °C. 
Gd lowers the melting temperature of Mg and so improves castability. Gd 
can also be used to improve strength by precipitation hardening. Feyerabend 
et al. [38], based on the examination of cytotoxcity, indicated that Gd is 
an interesting alloying element for medical implant applications. Hort 
et al. [37] studied HP Mg—2Gd, Mg-SGd, Mg—10Gd, Mg—15Gd alloys 
made as castings. The alloys were investigated in the as-cast condition (F), 
solutionised 24h at 525°C plus water quenched (T4), and solutionised and 
aged 6h at 250°C (T6). All alloys contain the eutectic phase Mg;Gd at grain 
boundaries in the as-cast state. After T4 treatment, most of these particles 
dissolve although some remained. The T6 treatment leads to precipitation 
of fine nano-sized particles in all alloys except for Mg—2Gd. Selected area 
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diffraction indicated that these particles are the metastable B’ and B”. The 
B’ phase was homogeneously distributed throughout the matrix whereas B” 
was only in limited areas. 

The corrosion rate of the alloys was measured [37,39] by immersion 
in 1% NaCl (Fig. 3.14). The corrosion rate decreased with increasing Gd 
content up to 10%. In particular the corrosion rate for Mg-10Gd in the T4 
condition was 0.7 mm/yr, which appears to be somewhat smaller than that 
of pure Mg. The corrosion rate in the T6 condition was even smaller at 
0.4mm/yr despite the presence of nano-sized precipitates; these appear not 
to have had an adverse influence on the corrosion rate. The corrosion rate 
for Mg—15Gd was much higher, consistent with micro-galvanic acceleration 
by the second phase. 


3.3.6 Heat treatment of Mg-10Gd-3Y-0.4Zr 


Peng et al. [29] studied the corrosion of Mg alloy GW103K (Mg—10Gd-3 Y— 
0.4Zr) in 5% NaCl, in the as-cast (F), solution treated (T4) and aged (T6) 
conditions. Figure 3.15 shows (i) the age hardening curve for GW103K aged 
at 250°C and (ii) transmission electron microscopy (TEM) micrographs of 
the precipitates. The hardness increased rapidly after ~ 1 h, the peak hardness 
occurred at ~ 16h, there was a plateau from 10h to 60h and further ageing 
led to a slow decrease in hardness. Corrosion was studied for ageing times 
of 0.5h, 16h, 193 h and 500h, which corresponded to under-aged, peak-aged, 
slightly over-aged and significantly over-aged conditions. The precipitates, 
after ageing 0.5h (T6-0.5h), were mainly meta-stable 8”, ~ 40nm in size. 


30 


AF HiT4 MT6 


, 7 


Corrosion rate (mm/yr) 
a 


Mg-2Gd Mg-5Gd Mg-10Gd Mg-15Gd 


3.14 Corrosion rate of Mg—Gd alloys evaluated by immersion in 1% 
NaCl. The unit of mm/a is identical to mm/yr [37]. 
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3.15 Age hardening curve for GW103K (Mg-10Gd-3Y-0.4Zr) aged at 
250°C and TEM micrographs of the precipitates [29]. 


The peak-aged (T6-16h) condition contained predominantly meta-stable B’ 
phase. The over-aged conditions (193 h and 500h) contained ’ and B,, with 
a minor fraction of B phase for 500h ageing. 

Optical microscopy was carried out for GW103K in the as-cast (F), 
solution treated (T4) and aged (T6-193h) conditions. The as-cast (F) 
microstructure consisted of the Mg matrix and the eutectic, distributed 
along the dendrite boundaries, especially at the triple points. The solution 
treated (T4) microstructure was single grained a-Mg; the Gd and Y in the 
eutectic had dissolved in the Mg matrix. Optical microscopy did not reveal 
any change in microstructure between the solution treated (T4) condition 
and the microstructure after ageing 0.5h (T6-0.5h). However, precipitates 
were visible after ageing 16h or longer; the optical micrographs were similar 
after ageing at 16h, 193h and 500h. The optical microstructure of the alloy 
aged 193h (T6-193h) consisted of small cuboid-shaped phases distributed 
unevenly in the matrix and boundaries and Zr-rich cores in the centre of 
most grains. 

Figure 3.16 presents the corrosion rates for GW 103K in the different heat 
treatment conditions, measured by immersion in 5% NaCl solution for 3 days. 
The as-cast (F) condition had the highest corrosion rate due to micro-galvanic 
corrosion of the a-Mg matrix by the eutectic. Solution treatment led to the 
lowest corrosion rate, attributed to the absence of any second phase and a 
relatively compact protective surface film. Ageing at 250°C increased the 
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3.16 Corrosion rates for GW103K (Mg-10Gd-3Y-0.4Zr) in the different 
heat treatment conditions, measured by immersion in 5% NaCl 
solution for 3 days [29]. 


corrosion rate with increasing ageing time to 193h attributed to increasing 
micro-galvanic corrosion acceleration of the Mg matrix by increasing amounts 
of the precipitates. The T6-0.5h condition already indicated micro-galvanic 
acceleration, even though the precipitates were only ~40 nm in size. Ageing 
for longer periods caused a decrease in the corrosion rate attributed to some 
barrier effect by a nearly continuous second-phase network. The weight loss 
rate, AW (mg/cm?/day) can be converted to a penetration rate, Pw (mm/yr) 
by 


Py = 2.1 AW 


The corrosion rate in the T4 condition corresponds to 0.4mm/yr, somewhat 
less than that usually measured for HP Mg, and the corrosion rate for the 
T6-0.5h at 0.8 mm/yr is also somewhat less than that of HP Mg. 


3.3.7. Mg-Y alloys 


Figure 3.3 presents the measurement of corrosion [10] of the Mg—Y alloys in 
0.1M NaCl for 72 h. HP Mg was also tested as a comparison alloy containing 
0% Y. The hydrogen evolution volume is plotted against time. For short times, 
the corrosion rate of each alloy was low. As the immersion time increased, 
the corrosion rate of Mg—2Y increased slowly, whereas the corrosion rates 
of the other alloys accelerated and localised corrosion was observed on the 
sample surface. The rate of acceleration increased with increasing Y content. 
HP Mg showed a constant low corrosion rate during the whole period. 
After 72 h immersion in 0.1 M NaCl, optical microscopy revealed filiform 
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corrosion on the surface of Mg—2Y with little corrosion on part of the surface. 
The other Mg-—Y alloys had suffered significant corrosion and their surfaces 
were covered by a thick white corrosion product, which was assumed to 
be Mg(OH),. After the surface corrosion products were removed by the 
chromate acid cleaning solution, Mg—2Y revealed areas of corroded surface 
and there were also some areas of the original flat surface with traces of 
filiform corrosion. This filiform corrosion was typical for these Mg alloys 
in 0.1M NaCl. Mg—3Y revealed several separate small flat areas with traces 
of filiform corrosion whereas Mg-4Y had only a few tiny areas. The other 
Mg-Y alloys did not have these flat surfaces because their surfaces were 
significantly corroded. These surface observations indicated the degree of 
surface damage increased with increasing Y content. 

Figure 3.1 presents the average corrosion rate over the 72h immersion 
test in 0.1 M NaCl and over 120h in 1M NajSOx. In both solutions, Mg—2Y 
had a low corrosion rate, which was almost constant during the whole 
immersion period. Mg—3Y had a higher corrosion rate, which increased 
with immersion time. The corrosion rate of the Mg—Y alloys increased in 
NaCl with increasing Y content in the range of 0-7% Y, but decreased in 
Na,SO, for Y contents 3—7% Y. In both solutions HP Mg had a corrosion 
rate lower than the Mg—Y alloys. 

Figure 3.1 shows that, in 0.1M NaCl, the corrosion rate of the Mg—Y 
alloys increased with increasing Y content when the Y content exceeded a 
threshold value of 2% and there was a two-phase microstructure containing 
the intermetallic Mg.4Ys5 with a matrix containing increasing amounts of Y. 
Although there was Y,O; in the surface layer, this film was too weak to prevent 
penetration by Cl ions. The increase in the corrosion rate with increasing 
Y content is attributed to the acceleration of the micro-galvanic corrosion 
caused by an increasing volume fraction of Mg—Y intermetallics. 

Figure 3.1 also shows that in 0.1 M NazSOu, the corrosion rate decreased 
with increasing Y content in the range 3% to 7% despite the fact that these 
were two-phase alloys with increasing amounts of second phase. In this case, 
the decrease in the corrosion rate with increasing Y content is attributed to 
an increasingly protective surface film by the incorporation of more Y in the 
surface film, due to a greater Y content in the o&-Mg matrix resulting from 
non-equilibrium cooling. 

For Mg-Y alloys, Y in the surface layer can increase the protectiveness of 
the surface film. The Mg—Y intermetallic Mg»,Y5 can cause micro-galvanic 
corrosion, so Y can have a dual effect on the corrosion of a Mg alloy. Which 
effect is more important depends on the electrolyte. In 0.1M NaCl, the 
chloride ions can penetrate the surface film, and localised corrosion initiated 
as filiform corrosion. The important effect is the micro-galvanic corrosion. 
The corrosion rate increases with increasing Y content once the Y content 
exceeds the Y solid solubility and the microstructure contains a second phase: 
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the Mg—Y intermetallic Mg.4Ys. There is filiform corrosion and localised 
corrosion. In 0.1 M Na SOx, the surface film can be protective and prevent 
serious corrosion. Despite the presence of the Mg—Y intermetallic Mgw4Ys, 
the corrosion resistance increased with increasing Y content. 


3.3.8 Stainless Mg 


The films formed to date using alloying elements such as Zr, Nd and Y have 
not been particularly successful, but they do show one way to seek further 
improvement in the corrosion performance of Mg alloys. It was proposed 
[2] that a step improvement is expected for an Mg—X (or Mg—A-—B-X) alloy 
where (a) the alloying element(s) is (are) in solid solution, and (b) the alloy 
forms a stable passive film based on an oxide of X rather than the Mg-based 
oxide/hydroxide formed on conventional Mg-—base alloys [40]. This is the 
same approach as in Fe—Cr (and Fe—Ni—Cr, Fe—Cr—Ni-—Mo-N...) alloys, the 
basis of stainless steels. In Fe—Cr alloys, the nature of the film formed in 
aqueous solutions changes from one based on Fe to a film based on Cr (see 
e.g. [41,42]). This change in film characteristics occurs at about 12% Cr, and 
concomitantly the corrosion resistance increases by orders of magnitude. The 
corrosion behaviour is similar to that of Cr, even though there may be only 
12% Cr in the alloy. Such abrupt changes in corrosion behaviour (between 
low corrosion resistance and high corrosion resistance) occur in other systems, 
such as Co—Cr [43] , Ni-Cr [44], Fe—Si [45] and Fe—Ti [46]. 

It was suggested [2] that the most exciting passivating elements to study 
for Mg—base alloys are Cr, Ti and Si. Cr is well known for its passivating 
properties in the production of highly corrosion resistant stainless steels (Fe—Cr 
alloys), with corrosion resistance increasing with increasing Cr content above 
the threshold value of about 12% Cr. Cr is similarly effective in corrosion 
resistant Ni-base alloys and Co-base alloys. Similarly Ti forms corrosion 
resistant Ti—base alloys and Si is important in imparting high corrosion 
resistance in high Si cast irons. Furthermore, it is suggested that it is useful 
to explore the behaviour for such alloys with the Cr, Ti or Si in complete 
solid solution; it is expected that the Cr, Ti or Si can act as passivators, 
in contrast to the action they might have when in a second phase such as 
Mg>Si. 

Alloys containing significant quantities of Cr, Ti and Si in complete 
homogeneous solid solution have not been produced. They cannot be 
produced by conventional ingot metallurgy because the melting point (MP) 
of each alloying addition is above the boiling point (BP) of Mg, and all have 
low solubilities in Mg [47,48] (BP of Mg = 1090°C, MP of Cr = 1857°C, 
MP of Ti = 1667°C, MP of Si = 1412°C). Such alloys have also not been 
produced by rapid solidification processing [1,2,48]. However, production 
of such Mg-base alloys containing significant amounts (5—40 at.%) of Cr, 
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Ti or Si in complete homogeneous solid solution could be possible with the 
bulk-amorphous alloys. 

Zberg et al. [49] studied a range of glassy Mg¢o,.Zn35_,Ca, alloys (x = 
0-15 at.%) prepared by melt-spinning to produce thin ribbons of 0.050 mm 
thickness and copper mould injection-casting to 0.5 mm thick plates. 
Crystalline samples (Mg and MgogZn>) and the Zn-poor glassy alloys had 
significant corrosion rates. The Zn-rich glassy alloys had low corrosion rates. 
Animal studies with glassy Mg¢oZn3;Cas showed no hydrogen evolution, no 
inflammatory reaction, and good biocompatibility. Thus Zberg et al. [49] 
showed that glassy Mg¢o,,Zn35_,Ca, alloys (0 < x < 7) had potential as a 
new generation biodegradable implant. 


3.4 Impurity concentration 
3.4.1. Manifestation 


The impurity effect is a special case of a second phase accelerating the 
corrosion of a Mg alloy. It warrants separate treatment because it is important 
and is wholly negative. Four impurity elements (Fe, Ni, Cu and Co) were 
found by Hanawalt et al. [50] to have a large accelerating effect on saltwater 
corrosion of Mg binary alloys. Corrosion rates were accelerated 10—100-fold 
when their concentrations were increased [51]. These impurity elements have 
extremely deleterious effects because of their low solid-solubility limits in 
o.-Mg and their abilities to serve as active cathodic sites [52]. When their 
concentrations exceed their tolerance limits, they serve as active catalysts 
for electrochemical corrosion [53]. For each of these elements a tolerance 
limit can be defined as illustrated by Fig. 3.17. When the impurity content 
exceeds the tolerance limit, the corrosion rate is greatly accelerated, whereas, 
when the impurity content is lower than the tolerance limit the corrosion 
rate is low. 

Studies [54,55] have shown dramatic improvements in corrosion resistance 


Tolerance limit 


x 


Impurity contents 


Corrosion rate 


3.17 Generalised curve for the influence of the impurity elements Fe, 
Ni, Co and Cu [1,2]. 
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through the control of these impurity elements. The critical tolerance level [56] 
for commercial alloys were defined and applied to the production specifications 
for AZ91 and AM60. Dow recommended the following contaminant limits 
to ensure optimum saltwater corrosion performance in AZ91: Fe < 50 ppm, 
Ni < 5 ppm, Cu < 300 ppm. This provides an effective way to produce 
corrosion resistant Mg alloys and is of great significance from a practical 
point of view. For example Hillis and Reincheck [57] showed that AZ91 
containing low levels of impurities had corrosion rates lower than the cast 
aluminium alloy 380 and steel for salt spray testing and for atmospheric 
exposures at the Brazos River Site on the Texas Gulf Coast. 


3.4.2 Mg-—-Fe phase diagram 


The mechanistic possibilities for the impurity effect were summarised [2] 
as follows. In each case, a key part of the corrosion acceleration is easy 
hydrogen evolution on a new phase in contact with the Mg alpha matrix. 


e Accelerated galvanic corrosion of the Mg alloy matrix due to general 
dissolution of the Mg alloy followed by the re-precipitation of metallic 
Fe, Ni and Cu on the alloy surface. The re-precipitation of metallic 
Fe, Ni and Cu on the alloy surface is the key part of this mechanism, 
which is similar to the acceleration of corrosion by alloyed copper for 
aluminium alloys. 

e Galvanic acceleration of corrosion when any of the impurity elements 
Fe, Ni or Cu exceeds its solubility limit and precipitates as a separate 
phase in the alloy, so that the alloy has a two-phase microstructure. 


In order to understand the impurity tolerance limits, Liu et al. [13] calculated 
Mg phase diagrams using the Pandat software package (database PanMg7) 
[58]. The phase diagrams so calculated used the thermodynamic data in the 
latest available Pandat Mg database. The thermodynamic data had not been 
optimised for these calculations. Thus, it is likely that particular numerical 
values may be somewhat in error, but the trends can be assumed to be valid. 
Furthermore, the database was not complete; the database included data 
for Fe and Cu, but not Ni or Co. Thus phase diagrams were calculated to 
understand the tolerance limits for Fe and Cu. Understanding the tolerance 
limits for Ni and Co needs an extension of the data in the database. Also the 
database did not include Pr and La, so it was not possible to fully explore 
the effect of rare earth addition as in AE42. 

Figure 3.18 presents the calculated Mg—Fe phase diagram: a eutectic phase 
diagram with an eutectic temperature of ~650°C, and with a-Mg having a 
maximum Fe solubility of ~10 ppm Fe. Cooling of an Mg—Fe alloy containing 
more than 180 ppm causes precipitation, from the melt, of a body centred 
cubic (BCC) phase, essentially pure Fe with little Mg in solid solution. For 
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3.18 Mg-Fe phase diagram calculated with the Pandat software [13] 
(BCC = body centred cubic, HCP = hexagonal close packed). 


an Fe content of 180 ppm, the calculated phase diagram predicts that on 
cooling, the liquid Mg alloy undergoes eutectic solidification at 650°C to form 
a-Mg containing about 10 ppm iron in solid solution plus the BCC phase. 
However, the two-phase region (liquid Mg + a&-Mg) is extremely narrow, so 
that it would be expected that the pre-eutectic and eutectic reactions would 
be suppressed during normal (non-equilibrium) cooling of a Mg ingot or 
casting, so that a Mg alloy containing less than 180 ppm Fe would solidify 
to a single o&-Mg phase with Fe in supersaturated solid solution in the Mg 
lattice. The implication is that castings produce single-phase Mg up to a 
critical Fe concentration of 180 ppm and that Mg-castings contain a BCC 
phase (rich in Fe) for iron contents greater than 180 ppm. This value of 180 
ppm Fe was compared [13] with the tolerance level for Fe in pure as-cast Mg 
reported to be 170 ppm [1,5,59,60] or 150 ppm [61]. The calculated phase 
diagram thus offers an explanation of the Fe tolerance limit: the tolerance 
level corresponds to the minimum content of Fe in a cast Mg alloy for which 
a BCC phase precipitates from the melt before final solidification. 

The phase diagram allows estimation of how much second phase forms 
for a given alloy in equilibrium. For a Mg alloy containing 280 ppm Fe, the 
fraction of the primary BCC phase, fgccicasting, Can be calculated using the 
lever rule as follows: 


faccieasting = (0.028 — 0.018)/(100 — 0.018) = 0.01% 


If this BCC phase is responsible for increasing the corrosion rate by a factor 
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of 100 above that of HP Mg, then the BCC phase needs to evolve hydrogen 
10° times faster than on a-Mg. 

Figure 3.18 provides a prediction regarding heat-treated cast alloys and 
regarding wrought alloys. A Mg alloy casting containing 40 ppm Fe would 
be expected to have a low corrosion rate because the Fe content is below the 
Fe tolerance limit of 170 ppm Fe measured for castings. What happens to 
the corrosion performance if this cast Mg alloy is heat-treated at just below 
650°C? Figure 3.18 indicates the precipitation of some BCC phase; the 
volume faction can be determined, by applying the lever rule, as follows. 


0.0040 — 0.0010 
Faccicasting heat treated = ~100—0.001 _ = 0.0031% 


Is this amount of the Fe-rich BCC phase sufficient to cause the heat-treated 
HP Mg to have a corrosion rate higher than the as-cast condition? This 
issue was studied experimentally. The results are shown in Fig. 3.19, which 
presents the corrosion behaviour, measured as hydrogen evolution volume, 
for (i) as-cast HP Mg, (ii) HP Mg heat treated for 1 day at 550°C and (iii) 
HP heat treated for 2 days at 550°C. The average corrosion rate for as-cast 
HP Mg in Fig. 3.19 was 1.8mm/yr consistent with other measurements 
[8,11]; this gives confidence in the experimental measurements. There 
was a significant increase in corrosion rate after heat treatment at 550°C, 
consistent with the precipitation of the BCC Fe-rich phase as predicted, Fig. 
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3.19 The corrosion behaviour, measured as hydrogen evolution 
volume, for as-cast HP Mg, HP Mg heat treated for 24h at 550°C and 
HP heat treated for 48h at 550°C [13]. 
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3.18. This indicates that the Fe tolerance limit is indeed ~5—10 ppm Fe for 
heat-treated pure Mg. 


3.4.3. Mg-Al-Fe 


Figure 3.20 presents an isothermal section calculated for 651°C, slightly 
above the eutectic temperature, through the Mg—Al—Fe phase diagram. This 
section indicates that the eutectic point is shifted to lower Fe contents and 
thus the Fe tolerance limit decreases rapidly with increasing Al content. The 
trend of decreasing Fe tolerance limit with Al alloying has been previously 
documented [13]. Figure 3.20 provides a numerical prediction and in 
particular indicates that there is a significant decrease with a few tenths of 
percent of Al. 

It is reported [1,2,62,63] that increasing Al concentration in Mg—Al 
alloys has a beneficial effect on the corrosion behaviour in chloride media, 
but the specific mechanism and influence of Al is still not well understood. 
For instance, Song et al. [8] found that the corrosion rate of Mg—9%AI1 
at 101 mm/yr was slightly smaller than that of Mg—2%AI at 114mm/yr, 
however, the difference was small and may not be significant because of the 
high level of Fe content above the tolerance limit. Similarly, Song et al. [62] 
found that increasing Al concentrations in the range 2-9 wt% Al in Mg—Al 
single phase alloys did correlate with a decrease in the corrosion rate in 5% 
NaCl. These alloys contained a high Fe content and the corrosion rates were 
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3.20 Calculated isothermal section through the Mg-Al-Fe phase 
diagram [13]. 
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much higher than for high-purity alloys; thus the decrease in corrosion rate 
appears to be related to a decrease in the Fe impurity level with increasing 
Al content rather than to the Al content itself. Therefore, to investigate the 
influence of Al on the corrosion of Mg, the Fe content should be kept to a 
low concentration below the tolerance limit. 


3.4.4. Wrought-cast 


Previous work has typically measured a corrosion rate of ~1 mm/yr in 
continuous immersion in 3% NaCl solution for HP as-cast Mg. The one 
outstanding exception is the recent work by Prado et al. [64,65] who reported 
a much higher corrosion rate: a corrosion rate of ~ 600mm/yr [64,65] and 
~ 90mm/yr [65] for wrought HP Mg (containing 40 ppm). The material 
used by Prado et al. was wrought rather than the as-cast material used in 
the prior studies. Figure 3.18 implies that wrought Mg has a Fe tolerance 
limit ~ 5-10 ppm, much lower than the Fe tolerance level of 130 ppm Fe 
measured for as-cast material. 

Figure 3.18 implies that the Fe tolerance limit might be ~ 5-10 ppm for 
wrought pure Mg, i.e. the implication is that wrought pure Mg has a tolerance 
limit significantly lower than that of cast pure Mg. Does this also apply to 
wrought Mg alloys? The answer appears to be that wrought alloys containing 
Mn, as do typical commercial Mg alloys, have a Fe tolerance limit that is 
not too dissimilar to that of their cast counterparts. The presence of Mn 
seems to dominate over the effect implied from Fig. 3.18. This evaluation 
is based on the work of Ben-Haroush et al. [66] who found that extruded 
AM60 acted consistent with being high purity and did not show extreme 
sensitivity to Fe as is inferred from Fig. 3.18; they found that the AlgMn; 
phase did not cause any significant micro-galvanic acceleration of corrosion 
in the wrought alloy. It is also consistent with our recent work with extruded 
AZ31 and AM30 [67]. 


3.4.5 High-purity castings 


The controlled casting experiments of Hillis and Reichek using AZ91 [60], 
AM60 [68] and AS41 [69] demonstrated that HP alloys could be produced 
from LP alloys by control of the casting temperature. For AZ91 experiments, 
they melted ~40kg of HP AZ91-base alloys containing ~9% Al, 0.5% Zn, 
~390 ppm Fe, <10 ppm Ni and < 100 ppm Cu. The melt was equilibrated 
with 0.2% Mn (trial 1), 0.4% Mn (trial 2) or 0.8% Mn (trial 3) at 750°C; 
die-castings were made at 750°C and after equilibration for 10—15 min at 
the three lower nominal temperatures: 725°C, 690°C and 650°C (in each 
case they measured the actual temperature of the melt at the time of casting, 
and these actual temperatures were somewhat different from the nominal 
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temperatures). Chemical analysis of the resulting die-castings revealed the 
chemical composition of the melt just before casting. Chemical analysis of 
the resulting die-castings of trial | indicated a decrease in only the Fe content 
as the melt temperature was decreased from 750°C to 690°C consistent with 
the precipitation from the melt of an iron rich phase containing little Mn. In 
contrast, trial 3 (0.8% Mn) indicated a decrease in both the Fe content and 
the Mn content between 750°C to 690°C consistent with the precipitation 
from the melt of an iron-rich phase containing substantial Mn. Each of 
these die castings had a Fe content above the Mn-dependent tolerance 
limit and had a high corrosion rate in the salt spray test. The trial | die- 
casting at 650°C had a lower Fe composition and a lower Mn composition 
indicating the precipitation of both these elements from the melt between 
690°C and 650°C, which could be by the precipitation of a single Fe,Mn, 
compound (which could also contain Mg or Al) or by the precipitation of 
two compounds, one Fe-rich, the other Mn-rich. The trial 1 650°C casting 
had a Fe content below the tolerance limit and a low corrosion rate in the 
salt spray test. The other trials with AZ91 [60], and the subsequent trials 
with AM60 [68] and AS41 [69], revealed similar trends. Table 3.4 presents 
the values of the measured critical melt temperature, Ty, at which castings 
were produced with measured low corrosion rates and above which there 
was precipitation of both Fe and Mn from the melt. Scanning electron 
microscopy/energy dispersive X-ray spectroscopy (SEM/EDX) analysis, of 
the sludge of the casting trials using AZ91 [60], revealed that the precipitate 
from the Mg melt contained Fe-Mn—AI in variable amounts; the particulates 


Table 3.4 Values of the measured critical melt temperature, Ty, measured for AZ91 
[60], AM60 [68] and AS41 [69] 


Alloy Al (wt%) [Mn]759ec(wt%) Tu (°C) Tc(°C) Te(°C) 
AZ91 9 0.2 654 640 650 
AZ91 9 0.4 694 690 705 
AZ91 9 0.8 > 750 760 755 
AM60 6 0.2 640 620 630 
AM60 6 0.4 650 670 675 
AM60 6 0.8 720 720 730 
AS41 4 0.2 < 660 620 625 
AS41 4 0.4 658 630 660 
AS41 4 0.8 - 685 710 


Ty is the temperature at which low corrosion rates were measured and above 
which there was precipitation of both Fe and Mn from the melt. [Mn] s9<c is 

the Mn concentration in the starting melt at 750°C; the die-castings typically 
contained a lower Mn concentration. 7c is the temperature at which the calculated 
Mg-Al-Mn-Fe phase diagrams (calculated with 0.02% Fe) predict that solidification 
of a casting would lead to no BCC phase in the casting. 7Té is the corresponding 
temperature from the phase diagram calculated with 0.005% Fe. 
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were often Fe and/or Mn-rich in the core with the surrounding or bridging 
regions containing Al + Mn. 

Figure 3.21 presents a pseudo-binary section calculated [13] through the 
Mg—AI—Mn-Fe phase diagram at 0.4% Mn and 0.02% Fe; this section was 
calculated to understand the controlled casting experiments carried out by 
Hillis and co-workers with AZ91 [60], AM60 [68] and AS41 [69]. Figure 
3.21 indicates that cooling of an alloy containing 6% AI causes initially the 
precipitation of an iron-rich BCC phase labelled BCC_B2. Between ~675 
and ~660°C there is a three phase region of liquid + BCC_B2 + AlgMns. 
From the experiments of Hillis and co-workers [60,68,69] it is assumed 
that the BCC_B2 phase settles out as the cast is slowly cooled and that the 
alloy as-cast at 660°C contains no BCC_B2 phase but only Mg liquid + 
AlgMns. If it is assumed that the phase AlgMns is passive (i.e. it is no more 
effective as a cathode than HP Mg) then a 6% AI alloy cast at 660°C has 
an Fe content below the Fe tolerance limit and would be expected to show 
a low corrosion rate. Thus, Fig. 3.21 predicts the critical temperature to 
be 660°C at which the alloy can be cast to produce a casting with a low 
corrosion rate, this calculated critical temperature, Tc, is included in Table 
3.4 (this is the alloy with 6% Al-0.4% Mn). Similarly, Fig. 3.21 predicts 
critical temperatures of 690°C for 9% Al (corresponding to AZ91) and 
630°C for 4% Al (corresponding to AS41). 

Similarly the pseudo-binary sections were calculated [13] through the 
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3.21 Calculated pseudo-binary section through the Mg-Al-Mn-Fe 
phase diagram at 0.4%Mn + 0.02%Fe [13]. 
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Mg-Al-Mn-Fe phase diagram at 0.2% Mn + 0.02% Fe and 0.8% Mn + 
0.02% Fe to allow comparison with the experiments of Hillis and co-workers 
starting with 0.2% Mn and 0.8% Mn, respectively. The critical temperatures 
have been included in Table 3.4. There is good agreement between the 
measured critical temperature, Ty, and the calculated critical temperature, T¢, 
estimated from the calculated phase diagrams, indicating the phase diagrams 
to be an extremely useful tool for the prediction of tolerance limits as well 
as processing parameters. 

The phase diagram, such as Fig. 3.21, was calculated [13] using 0.02% 
Fe (200 ppm Fe); this value is reasonable to allow comparison with the 
experiments of Hillis and co-workers, they used 390 ppm in the starting 
melt for their experiments with AZ91 (the actual Fe content was typically 
200 ppm or lower in most of their castings) and 200 ppm Fe for the starting 
melt for their experiments with AM60 and AS41. 

However, the phase diagram might be sensitive to the Fe content. The phase 
diagram calculated for 0.4% Mn and 0.04% Fe was essentially identical to 
the one with 0.4% Mn and 0.02% Fe; thus there is little change at higher Fe 
contents. What about lower Fe contents? Lower Fe contents are relevant to 
the experiments of Hillis and co-workers and to the production of high-purity 
castings from low-purity feedstock, in which case the Fe is allowed to settle 
out, and consequently the Fe content decreases; this situation is addressed 
by the phase diagram calculated [13] for 0.2% Mn + 0.005% Fe. There is 
an influence of Fe content; the calculated temperature T¢ corresponding to 
Tc, is included in Table 3.4; there is even better agreement with Ty. 

The calculated phase diagrams could explain the controlled casting 
experiments of Hillis and co-workers [60,68,69] based on the assumption that 
the BCC_B2 phase (an Fe-Mn-AI phase, essentially pure Fe containing some 
Mn and Al, and little Mg in solid solution) is allowed to settle out when the 
temperature of the melt is maintained at temperatures of 725 °C, 690 °C and 
650°C; there is also agreement if the AlgMns phase settles from the melt. 
An estimate of 5.9 g/cm? (= 0.333 07.84 + 0.333 067.21 + 0.333 002.7) can 
be made for the density of the BCC_B2 phase with an equal number of Fe, 
Mn and Al atoms on the assumption that the density is simply related to the 
mass of the constituent atoms. (The density of Fe is 7.84 g/cm?, the density of 
Mn is 7.84 g/cm? and the density of Al is 2.7 g/em?). Similarly the density is 
estimated to be 5.0 g/cm? for AlgMn; containing an equal number of Al and 
Mn atoms. While these are rough estimations of the density of BCC_B2 and 
AlgMns, these values are considerably in excess of the density of liquid Mg 
at 1.58 g/cm*. Thus it would indeed be expected for there to be a tendency 
for both these phases to settle from the melt. The 0.8% trials are consistent 
with the settling out of the BCC_B2 phase and the calculated composition 
for this phase. The 0.2% Mn trials imply that equilibrium does not occur 
and an Fe-rich BCC_B2 phase settles out between 750 and 690°C. 
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Hillis and co-workers [60,68,69] found experimentally using industrial trials 
that the temperature range from 750 to 650°C is the important temperature 
range in purifying the melt and decreasing the Fe content. This temperature 
range corresponds to the solidification of BCC_B2. The calculated volume 
fraction of the BCC_B2 phase at ~ 650°C is about 0.0005. If an Fe content 
of 40% is assumed, and if it is also assumed that all this volume fraction 
of BCC_B2 settles out, then the amount of Fe settling out corresponds to 
0.02%, the amount of Fe in the alloy. Thus a back-of-the-envelope mass 
balance calculation indicates that the solidification of the BCC_B2 phase 
and its settling out from the melt between 750°C and 650°C is sufficient to 
purify the melt. 

The SEM/EDX analysis of the sludge of the casting trials using AZ91 
[60] revealed that the precipitate from the Mg melt contained Fe-Mn—Al 
in variable amounts; the particulates were often Fe and/or Mn-rich in the 
core, with the surrounding or bridging regions containing Al + Mn. A Fe 
or Mn-rich core is consistent with the precipitation of the BCC_B2 phase, 
the surrounding regions containing Al + Mn most probably corresponds to 
AlgMns, which contained little Fe because the Fe has already been incorporated 
in the BCC_B2 by the time of solidification of the AlgMns. 

It is perhaps worth restating that the above analysis rests on the assumptions 
that the BCC_B2 phase is a good hydrogen cathode and that AlgMns is 
not. 

The calculated phase diagrams can explain the production of HP castings 
by means of control of melt conditions; this has significance for the production 
of quality castings from recycled Mg. As shown by the work of Hillis and 
co-workers [60,68,69] using commercial high pressure die cast (HPDC), 
HP castings can be produced by control of the melt, particularly the melt 
temperature. The alternative approach is to develop tailored alloys that are 
less sensitive to the impurity elements as, for example, by the research of 
Scharf et al. [70] and Fechner et al. [71]. 


3.4.6 Surface activation for CP Mg 


Figure 3.3 indicates that the corrosion rate changes with immersion time. 
Initially the corrosion rate is low. During this period the corrosion behaviour 
is dominated by whatever film is on the sample surface and by the breakdown 
of the surface film. Williams and McMurray [72] have shown that breakdown 
can be relatively rapid, as is illustrated in Fig. 3.22 for CP Mg (280 ppm 
Fe, i.e. Mg containing an Fe content above the tolerance limit) in 5% NaCl, 
pH 6.5. Figure 3.22 presents the distribution of the normal anodic current 
density, jz, measured using a scanning vibrating electrode technique (SVET). 
Local breakdown occurred between 1 and 6min after immersion in the 
solution. The first scan after immersion, Fig. 3.22(a), recorded initiation 
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of intense corrosion as a region of intense anodic current in the top right 
quadrant. Subsequent scans show that the corrosion disc expanded radially. 
There were intense anodic currents at the circumference while the interior 
was strongly cathodic. Any currents from the intact film were negligible 
in comparison. The local anodic current, at the boundary of the spreading 
corrosion, increased significantly with the size of the corroding disc. The 
local anodic current balanced the cathodic current in the interior of the 
corroding disc. The local cathodic currents within the central portion of 
the disc remained approximately constant in magnitude while the corrosion 
expanded over the whole surface. Thereafter the magnitude of the anodic 
and cathodic currents decreased significantly. The majority of the surface 
remained cathodic at protracted immersion times, Fig. 3.23, while local anodic 
currents were confined to the sample edges and a single central location, 
possibly a location of a Fe-rich particle. 

Williams [73] carried out similar experiments for a lcm? HP Mg (100 
ppm Fe) sample in 5% NaCl, pH 6.5 and SVET maps were obtained at 2, 
8.4, 17 and 28.3h after specimen immersion. This sample took significantly 
longer than the CP Mg to show the first sign of breakdown — about 2 h as 
opposed to a few minutes for CP Mg. The point of breakdown was visually 
identified as a black dot on the surface with some associated hydrogen 
evolution. The local current density was over an order of magnitude lower 
than that obtained with CP Mg at initial breakdown. Thereafter the HP Mg 
showed features akin to filiform corrosion. In situ SVET showed that the 
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3.23 Distribution of the normal current density measured with 
SVET above CP Mg in 5% NaCl, pH 6.5, after 80 min. Reprinted with 
permission from Williams and McMurray [72]. 
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fronts of the black corrosion tracks were net local anodes, while the corroded 
region left in their wake as they traversed the Mg surface were cathodically 
activated compared with the intact surface which was electrochemically 
inert. The local current densities were quite low (0 to 40 A/m? anodic, 0 to 
—2 A/m” cathodic). With increasing time, more of the surface was covered 
by the local anodes, and their number increased. Figure 3.24 shows a typical 
example after 17h immersion. 


3.4.7. Surface activation for two-phase alloys 


Surface activation also occurs for two phase Mg alloys [11,12,24,25,27,74]. 
Corrosion typically initiates in the o-phase as illustrated [11] in Fig. 3.25 and 
spreads out over the specimen surface as illustrated in Fig. 3.26. This is one 
reason that the corrosion rate increases with immersion time as illustrated 
[11] in Fig. 3.3. 


3.5 Surface condition 


Song and Xu [75] studied AZ31 sheet because it is currently one of the 
most promising candidate materials for the closure inners in some vehicles. 
In the automobile industry, a Mg—base metal part must undergo various 
mechanical and chemical surface treatments, heat treatments and mechanical 
deformations. Figure 3.27 presents the influence on corrosion behaviour (as 
characterised by hydrogen evolution) of the following surface conditions: (i) 
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3.24 Distribution of the normal current density measured with 
SVET above HP Mg in 5% NaCl, pH 6.5, after 17h. Reprinted with 
permission from Williams [73]. 
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3.25 Corrosion initiation in two-phase alloys like ZE41 often occurs in 
the a-phase adjacent to the second phase as shown here for ZE41 in 
1M NaCl after 10min immersion [11]. 


3.26 After corrosion initiation in two-phase alloys like ZE41, the 
corrosion spreads over the surface in the a-phase leaving the second 
phase uncorroded as shown here for ZE41 in 1M NaCl after 30 min 
immersion [11]. 


AR — as-rolled mill finished sheet containing surface oxides and Fe-containing 
contaminants from the rolling mill; (ii) HT — heat-treated in air at 450 °C for 
10 min (which did not remove the surface embedded Fe-containing particles); 
(iii) HT + sandblast — heat-treated and sandblasted with glass beads to remove 
surface oxide and produce a shiny surface (which did not remove the surface 
embedded Fe-containing particles but produced a more uniform distribution of 
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finer Fe-containing particles indicating Fe pick-up during sandblasting); (iv) 
AR + grinding — AR surface mechanically ground with 400, 800 and 1200 
grit SiC paper (removed the surface embedded Fe-containing particles as did 
also each of the following); (v) HT + grinding — HT surface mechanically 
ground with 400, 800 and 1200 grit SiC paper; (vi) HT + acid clean: HT 
sample immersed in 10% H SO, for 20s at room temperature to remove 
surface contaminants, rinsed in deionised water and ethanol and dried; (vii) 
HT + grinding + ageing — the ground HT sample was heat treated in air for 
8h at 250°C. Figure 3.28 presents mass loss data. 

Figures 3.27 and 3.28 show that the as-rolled sheet had a high corrosion 
rate attributed to the Fe-containing particles in the surface from the rolling 
process. Heat treatment led to a slight increase in corrosion rate. Sandblasting 
led to a further increase in corrosion rate consistent with Fe-particle pick-up 
during sandblasting. Both acid cleaning and grinding effectively removed the 
surface contaminants and dramatically improved the corrosion resistance. 

Song et al. [76] measured the mass loss rate in 3.5% NaCl for HP Mg as 
cast and after being subjected to a number of equal channel angular pressings 
(ECAP). They found that the corrosion rate increased with number of ECAP 
passes. Based on the work of Song and Xu [75], the increase in corrosion 
rate with ECAP passes observed by Song et al. [76] is consistent with surface 
pick-up of Fe-containing particles in each ECAP pass. 


HT+sandblast (Ra = 3.86 um) 


(mL/cm?) 


Hydrogen evolution 


Hydrogen evolution (mL/cm?) 


0 5 10 15 20 25 
Immersion time (h) 


3.27 Hydrogen evolution from pre-treated AZ31 specimen immersed 
in 5% NaCl. The surface roughness values (Ra) are given [75]. 
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3.28 Mass loss for pre-treated AZ31 specimen immersed in 5% NaCl 
for 24h [75]. 


Crystallographic orientation can also influence corrosion. Song ef al. 
[77] showed that (0001) crystallographic planes of AZ31 were more 
electrochemically stable and corrosion resistant than (1010) and (1120) 
planes in 5 wt% NaCl. The different corrosion performance was attributed 
to their different surface energy levels or surface potentials [77]. This was 
similar to the prior finding by Liu et al. [78] that (0001) planes were the 
most corrosion resistant for pure Mg corroding in 0.1 M HCL. 


3.6 Medical implant applications 
3.6.1 _/n vitro testing 


This section deals with how our understanding of the Mg corrosion mechanism 
can be used to help understand the behaviour of Mg alloys for the other 
application of growing importance to Mg alloys as biodegradable implants 
for medical applications. Solutions that elucidate these applications tend to 
form surface films and the corrosion rate decreases with immersion time. 

Witte et al. [79] found that the corrosion rates of AZ91D and LAE442 
measured in vivo were orders of magnitude lower than those measured 
in substitute ocean water prepared according to ASTM-D1141-98 [80]. 
Subsequently, in vitro testing has been carried out in a variety of solutions 
including: (i) Hank’s solution, (ii) simulated body fluid (SBF), (iii) artificial 
plasma (AP), (iv) phosphate buffered saline (PBS) and (v) minimum essential 
medium (MEM, Invitrogen). 

Figure 3.29 shows hydrogen evolution data for a range of Mg alloys in 
Hanks’s solution at 37 °C [81]. In agreement with the trends discussed above, 
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3.29 Hydrogen evolution and average corrosion rates for Mg alloys 
in Hank’s solution at 37°C [81]. 


HP Mg had the lowest corrosion rate, and the corrosion rate increased with 
increasing amount and effectiveness of the second phase as an effective 
cathode to cause micro-galvanic corrosion. Mg—2Zn-0.2Mn had a corrosion 
rate of 0.03 mm/yr, which was thought to be close to the corrosion rate of 
0.02 mm/yr, which was thought to be acceptable for medical implants. If the 
corrosion rate was too high, then Song [81] suggested that the corrosion rate 
could be decreased with an anodised coating. 

Figure 3.30 shows hydrogen evolution data for four wrought Mg alloys in 
SBF [82], showing the tendency for such solutions to produce surface films 
that are partially protective and for the corrosion to decrease with immersion 
time. This tendency for the corrosion to decrease with time is often reported 
[83-90], and examples are presented in Figs. 3.31 [84] and 3.32 [87]. Figure 
3.31 presents the average corrosion rate for Mg—1.0Mn-—1.0Zn in Hank’s 
solution and SBP as a function of immersion time and indicates that Hank’s 
solution is the more aggressive. Figure 3.32 presents the average corrosion 
rate for AZ31 in Hank’s solution as a function of immersion time. The AZ31 
was in the following three metallurgical conditions: (i) SC — squeeze cast, 
a-phase + some second phase particles, (ii) HR — hot rolled, fine-grained a, 
15m, (iit) ECAP — equal channel angular pressing, finer-grain , 2.5 um. 
The higher corrosion rate is the squeeze cast condition, is attributable to the 
presence of the second phase particles. 

Figure 3.30 shows [82] that there was a significant difference in corrosion 
performance of ZQ30 compared with the other alloys ZW21, WZ21 and 
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3.30 Hydrogen evolution data for four wrought Mg alloys immersed 
in SBF at 37°C. Reprinted with permission from Haenzi et al. [82]. 
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3.31 Average corrosion rate for Mg-1.0Mn-1.0Zn in Hank’s solution 
and SBP as a function of immersion time. Reprinted with permission 
from Yang and Zhang [84]. 


WE41; this difference was caused by a greater tendency of ZQ30 to suffer 
significant localised corrosion attributed to a less protective surface film. 
Thus the filming tendencies and film properties are important considerations 
in the performance of Mg alloys in these solutions. 

Figure 3.33(a) shows the influence of testing media on the corrosion of 
WZ21 and Fig. 3.33(b) the corresponding pH change. WZ21 corroded most 
in SBF, whereas little hydrogen was evolved in PBS and there was little 
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3.32 Average corrosion rate for AZ31 in Hank’s solution as a function 
of immersion time. The AZ31 was in the following three metallurgical 
conditions: (i) SC — squeeze cast, @ phase + some second phase 
particles, (ii) HR - hot rolled, fine-grained a, 15mm, (iii) ECAP - equal 
channel angular pressing, finer-grain a, 2.5mm. Reprinted with 
permission from Wang et al. [87]. 


degradation in MEM. This behaviour is explicable when the change in pH 
is considered (Fig. 3.33(b)). In the non-buffered MEM, even though it is 
one of the most widely used synthetic cell culture media, the pH increased 
rapidly and reached a value of 8 within a few hours of immersion. This 
significantly lowered the corrosion rate. In PBS, the pH also increased, 
though less significantly. To keep the conditions as constant as possible, 
the solution was changed after the first 24h immersion, and then after every 
48h. This explains the drops in pH value in Fig. 3.33(b). 

Haenzi et al. [83] found that the general hydrogen evolution versus time 
plot was sigmoidal in shape: there was often an incubation period with a low 
rate of hydrogen evolution, then a period of accelerated hydrogen evolution 
followed by a deceleration of hydrogen evolution. The initial incubation 
period was attributed to the breakdown of the original surface film and the 
subsequent deceleration of hydrogen evolution is attributed to the partially 
protective surface film formation. 

The surface film has been found to contain magnesium carbonate and 
hydroxyapatite (magnesium apatite) and it has been suggested [84,91,92] 
that these form by the interaction of Mg ions with the calcium, carbonate 
and phosphate ions which are constituents of Hank’s solution and SBF, by 
the following precipitation reactions: 
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3.33 (a) Hydrogen evolution data for WZ21 in three physiological 
media at 37°C; (b) corresponding pH value. Note that the PBS and 
SBF solutions were exchanged after 24h, 72h and 120h, explaining 
the pH drop at these times. Reprinted with permission from [82]. 


3Mg** + 3Ca** + 4(PO,)* = CasMg;(PO,), 
Mg** + (CO3)* = MgCO, 


Song et al. [92] found that the surface film degenerated for long exposure 
times and proposed a more complex series of precipitation reactions for 
surface film formation. 
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Because of the partly protective surface film, it has been found [120] 
that microstructure effects are less pronounced than in chloride solutions. 
Nevertheless, micro-galvanic acceleration of corrosion by second phases has 
been reported [81,86,89,93—96]. Song [97] proposed to control biodegradation 
with an anodised coating. The biodegradation rate can be controlled to a 
desired level by varying the thickness and integrity of this coating. This opens 
up a way to convert many high corrosion rate Mg alloys into biocompatible 
materials. 


3.6.2  /n vivo experience 


The good performance of biodegradable magnesium implants from 1878 
to 1981, was reviewed by Witte [98]. Mg has been used for the following 
applications: (i) cardiovascular (wires and other designs for ligature; 
connectors for vessel anastomosis; wires for aneurysm treatment), (ii) 
musculoskeletal (Mg sheet between bone surfaces to restore joint motion in 
knees in animals and humans; fixator pins, nails, wires, pegs, clamps, sheets 
and plates), and (iii) general surgery (sheets and plates for suturing organs 
such as liver and spleen; Mg tubes as connects of intestine anastomosis; 
wire as sutures). Nearly all patients benefited from the treatment with Mg 
implants. Although most patients experienced subcutaneous gas cavities 
caused by rapid implant corrosion, most patients had no pain and almost no 
infections were observed during the postoperative follow-up. Andrews [99] 
indicated that Mg would be ideal for ligatures and sutures for deep wound 
closure. The use of absorbable Mg alloy screws and plates in bone surgery 
was proposed by McBride [100]. 


Bone biocompatability 


Good bone biocompatibility was found by (1) Witte et al. [101] for AZ31, 
AZ91, WE43 and LAE442 and (ii) Witte et al. [102] for AZ91D and LAE442 
implanted intramedullary into the femoral of guinea pigs; (iii) Li et al. [103] 
for Mg—1Ca implanted into the left rabbit femoral shaft; (iv) Xu et al. [104] 
for Mg—1.2Mn-1.0Zn, and (v) Zhang et al. [105] for Mg—1Zn—0.8Mn into 
femora of rats. 


Magnesium scaffolds 


An open AZ91D scaffold was formed by (i) slowly infiltrating molten 
AZ91D at 600-670 °C into dry NaCl crystals in a core box placed in the 
chill mould of a low-pressure die-casting system, (ii) machining to shape, 
and (iii) dissolving the NaCl crystals in a sodium hydroxide solution with a 
pH above 11.5 which protected the AZ91D. The scaffolds were implanted 
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[106,107] into the distal femur condyle of rabbits. After 3 months, most 
of the original Mg alloy had disappeared and a fibrous capsule enclosed 
the operation site. There was no significant harm to neighbouring tissue. 
The observed effects indicate that the Mg scaffolds are attractive for 
musculoskeletal implants. 


Skin sensitivity 


No skin sensitisation was caused by AZ31, AZ91, WE43 and LAE442 in a 
study by Witte et al. [108] in which solutions and chips of these materials 
were prepared and tested in 156 guinea pigs according to the Magnusson— 
Kligman test. These materials are therefore suitable as musculoskeletal 
implant materials. 


Soft tissue 


Good biocompatibility was found [82] for WZ21 implanted in Gottingen 
minipigs in the liver, lesser omentum, rectus abdominis muscle and 
subcutaneous tissue of the abdominal wall. There was homogeneous degradation 
and only limited gas formation. 


Mg stents 


Promising first results were obtained [109] in animal experiments and with 
20 patients with a drug-eluting bio-absorbable Mg stent. Good results were 
reported [110] from the implantation of a biodegradable 3 mm Mg stent into 
the left pulmonary artery of a preterm baby when the baby weighed 1.7kg. 
Reperfusion of the left lung was established and persisted throughout the 
4 month follow-up period during which the gradual degradation process 
of the stent was completed. The degradation process was clinically well 
tolerated despite the small size of the baby. Hermawan et al. [111] review 
good results from additional studies and there is more information available 
in [112-115]. 


3.6.3 Alloy development 


Figure 3.34 [89] presents corrosion rates in MEM at 37°C for a range of 
experimental and commercial alloys. High-purity Mg was < 40 ppm Fe. G 
indicates general corrosion, P indicates localised corrosion and X indicates 
extremely localised corrosion. 

Figure 3.35 [88] presents relative corrosion rates (measured from the 
amount of Mg dissolved in the solution) in SBF at 37 °C for as-rolled Mg 1X 
alloys. Note that these alloys were produced using commercially pure Mg so 
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3.34 Corrosion rates in MEM at 37°C for a range of experimental and commercial alloys. High-purity Mg was < 40 


ppm Fe. G indicates general corrosion, P indicates localised corrosion and X indicates extremely localised corrosion. 


Reprinted with permission from Kirkland et a/. [89]. 
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3.35 Relative corrosion rates (measured from the amount of Mg 
dissolved in the solution) in SBF at 37°C for as-rolled Mg1X alloys. 
Note that these alloys were produced using commercially pure 

Mg so the interpretation of these data might take into account the 
corrosion rates in Fig. 3.2. Reprinted with permission from Gu et al. 
[88]. 


the interpretation of these data might take into account the corrosion rates 
in Fig. 3.2. 

Alloy developments that are particularly noteworthy include: (1) Mg—2Zn—- 
0.2Mn [81] which had a corrosion rate of 0.03 mm/yr, which was thought 
to be close to the corrosion rate of 0.02 mm/yr which was thought to be 
acceptable for medical implants, (ii) Mg—6Zn [116], Gii) Mg—10Gd [37] 
and (iv) WZ21 [82,83]. Mg—10Gd shows great promise; however, there is 
significant development research to carry out. The development of WZ21 by 
Haenzi et al. [82,83,117,118] represents elegant research; the alloy WZ21 
has high promise. Witte et al. [119] provided some suggestions as to the 
design and selection of magnesium alloys for biodegradable applications. 


3.7 Concluding remarks 


This chapter has built on the prior reviews and has provided a succinct 
overview of the corrosion mechanisms. It has attempted to show that 
understanding of the corrosion of Mg alloys builds upon our understanding 
of the corrosion of HP Mg. This understanding of the mechanism of corrosion 
of HP Mg provides a basis for understanding the various manifestations of 
corrosion of Mg and its alloys. It is hoped that this deep understanding will 
allow the production of Mg alloys much more resistant to corrosion than the 
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present alloys. Much has already been achieved, but there is much room for 
improvement. There is still vast scope both in fundamental understanding 
of corrosion processes and on the engineering usage of Mg and also on the 
corrosion protection of Mg alloys in service. 
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Abstract: This chapter discusses the effect of microstructure and rare 
earth (RE) elements on the corrosion of magnesium (Mg) alloy. Firstly, 
this chapter discusses the effect of B-phase and microcrystallization on the 
corrosion behavior of magnesium. Secondly, it describes the roles of RE 
elements on the corrosion behavior of Mg alloys. 
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4.1 Introduction 


In materials science, the relationship between the properties, microstructure, 
composition and manufacture is described as tetrahedroid. This chapter 
discusses the factors of microstructure and composition (rare earth (RE) 
elements) on the corrosion process of magnesium (Mg) alloy. 


4.2 Role of structure on the corrosion process of 
magnesium (Mg) alloy 


4.2.1 Roles of B-phase on the corrosion process of Mg 
alloy 


Many researchers believe that the B-phase might serve as a galvanic cathode 
and accelerate the corrosion rate of the O-matrix if the volume fraction of 
the B-phase was small. However, for a high volume fraction, the B-phase 
might act as an anodic barrier to inhibit the overall corrosion of the alloy. 
However, owing to the negative difference effect (NDE), hydrogen atoms 
would diffuse into Mg alloys and enrich in the B-phase during the corrosion 
process of AZ91D alloy. The presence of hydrogen in metals has a significant 
influence on the metals’ electrochemical behavior. Therefore, the synergistic 
effect of the B-phase and hydrogen diffusion on the corrosion of AZ91D 
alloy should be noted. 
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The NDE of AZ91D alloy was investigated by a hydrogen evolution 
experiment. The kinetics of hydrogen evolution of the cast and T4-treated 
AZ91D alloys at different anodic current are illustrated in Fig. 4.1. It can 
be seen that hydrogen evolution rate (HER) increased with the increasing 
anodic current, and the discrepancy of HER between T4 alloy and AZ91D 
alloy decreased. The difference ratios of the two alloys and the HER ratios 
of AZ91D alloy to T4 alloy calculated from Fig. 4.1 are shown in Fig. 4.2. 
The hydrogen evolution results indicated that the B-phase had great influence 
on the NDE of AZ91D alloy. 
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4.1 Kinetics of hydrogen evolution on AZ91D or T4 alloy at different 
anodic current in 1mol/L NaCl solution. 
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4.2 Difference ratio (right axis) and HER ratio (left axis) of AZ91D to 
T4 alloy at different anodic current in 1mol/L NaCl solution. 


At an anodic current, J = J,,,, + SmA, the electrochemical impedance 
spectroscopy (EIS) of AZ91D and T4 alloy is shown in Fig. 4.3. To better 
understand the effect of hydrogen diffusion into the B-phase on NDE, a 
model for effect of B-phase on NDE is presented as follows. 

Cao [1] believed that if diffusion was not involved in the Faradic process 
for reaction sequence, the admittance Y (or impedance Z) for the electrode 
could be expressed as: 


WZ = y = jaCy + Yp 41 


where y is admittance, @ represents angular frequency (@ = 2zf, f is the 
frequency), j = v-1; C4, is capacitance of double layer and Yp is Faraday 
admittance. 

If the electrode reaction was controlled by one surface state variable X, 
then Cao [1] thought that the faradic admittance Y- could be expressed as 


(01 /0X ) ss (OX JOE) ss 


F = 4.2 
Me = UB Cig = OXT0X) 
Correspondingly 
W/Z =j@Cy + I/R, + (01/0X )ss (OX"I0E) ss 43 


(jw — 0X’70X) 


There was a capacitive loop in the high-frequency range due to the double 
layer capacitance, Cy. There was a capacitive loop in the low-frequency 
range caused by the faradic electrochemical reaction process when (0//0X)ss5 
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4.3 The EIS of (a) AZ91D and (b) T4 alloy at 5mA anodic current in 
1 mol/L NaCl solution. 


(0X’/0E) ss < 0. In contrast, there was an inductive loop in the low-frequency 
range when (0//0X)ss (OX’/0E)ss > 0. 

If there are two surface state variables, X; and X5, which controlled the 
electrode processes and the two variables X,; and X, were independent of 
each other, then it can be shown [1,2] that the admittance of the faradic and 
non-faradic processes is: 


(01/0X)s5 (OX {/0E)ss r (01/0X3)ss (0X3 /0E) ss 
(jw — dX{/0X) (j@ — 0X’/0X>) 


1/Z =joCy + 1/R, + 


4.4 
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Partially protective film plays an important role in the corrosion process of 
AZ91D alloy [3, 4]. The corrosion process of AZ91D alloy involves three 
independent surface state variables: area fraction of the partially protective 
film (8) on the alloy surface, the concentration of intermediate species Mg* 
(Cm), and the continuous changing of potential on B phase (Eg). 

Let 


xX,=0 
X, = Cn 
X3 = Eg 


In the corrosion process, there are capacitive loops and inductive loops in 
the intermediate frequency range induced by area fraction of the partially 
protective film (@) on the alloy surface, the concentration of intermediate 
species Mg* (C,,), respectively [5]. 

Magnesium and its alloys are kinds of hydrogen storage materials, and 
the storage capacity of alloy is usually higher than that of pure magnesium. 
With the increasing potential, more hydrogen atoms might be absorbed on the 
alloy surface, so that hydrogen diffusion rate increased. During the diffusion 
process, the atomic hydrogen enriches in the B-phase [6]. The increasing 
hydrogen content evokes the decreasing surface potential of the B-phase [7]. 
Therefore 


dEs/dE < 0 4.5 


At an anodic potential, the current of the Faradic process could be expressed 
as: 


Ip = (1—- @{(1- fla expl(E — Eq)/ba} — flg exp[-(E — Eg)/bg]} 4.6 


where fis the area fraction of the B-phase, /, and Jg are exchange currents 
of a-phase and B-phase, E, and Eg are equilibrium potentials of a-phase 
and B-phase. 

So 


(dI/0Eg)ss = — flp exp[-(E — Eg)/bpl/bg < 0 4.7 
Combining Eq. (4.5) with (4.7), predicted: 
(dEp/dE)(OI/0Eg)ss > O 4.8 


which indicates that the Nyquist plot should contain an inductive loop related 
to the surface state variable Eg. 

From the above theoretical calculation, the EIS of AZ91D alloy in NaCl 
aqueous solution consists of one capacitive loop in the high-frequency range 
(double layer), a capacitive loop (surface state variable C,,) and an inductive 
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loop (surface state variable @) in the intermediate frequency range, and one 
inductive loop in the low frequency range (Ex). 

The above theoretical calculation indicated that the diffusion of hydrogen 
into the B-phase should be the proper reason why the EIS of AZ91D alloy 
was different from that of T4 alloy. If it was reasonable, the B-phase of the 
charged AZ91D alloy should have no effect on the EIS of the alloy, which 
could be explained by the fact that the surface potential of the B-phase 
became constant because the B-phase was saturated by hydrogen atoms. In 
other words, the EIS of the charged alloy should contain two surface state 
variables, similar to that of T4 alloy. The above discussion was confirmed 
by the results of Fig. 4.4. After being charged for 6h, the inductive loop in 
the low-frequency range of the EIS seemed to disappear. 

With the hydrogen saturation of the B-phase, no hydrogen further diffused 
into the B-phase. The HER of AZ91D alloy should approach that of T4 alloy. 
A higher applied anodic current implied a higher HER. It was expected that 
the B-phase would be saturated by hydrogen in a shorter time by a higher 
anodic current in comparison with a lower applied anodic current. So, the 
difference of HER between AZ91D and T4 alloy should decrease with the 
increasing of applied current, as was claimed by Fig. 4.2. The HER ratio of 
AZ9I1D alloy to T4 alloy increased from 16.3% U/ = 0.3 mA) to 70.1% d= 
10mA). For the same reason, the D-ratio of AZ91D alloy to T4 alloy also 
increased with the increasing applied current (Fig. 4.2). 

Moreover, some literature has pointed out that the increasing hydrogen 
composition was of benefit to the improvement of corrosion resistance of 
magnesium [7]. It was reported that hydrogen entering the film would be 
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4.4 The EIS of AZ91D alloy at 5mA anodic current after 6h charging 
in 1mol/L NaCl solution. 
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ionized, and an MgH,j film formed on the alloy surface [7]. In brief, owing to 
the NDE, the HER increased with the increasing potential, hydrogen diffused 
into the product film and therefore the corrosion resistance of AZ91D alloy 
was enhanced. 

Some researchers [3,4] believe that the B-phase might serve as a galvanic 
cathode and accelerate the corrosion rate of the a matrix if the volume fraction 
of the R-phase was small. On the other hand, for a high volume fraction, 
the B-phase might act as an anodic barrier to inhibit the overall corrosion 
of the alloy. However, their results [3,4] were not in contradiction with 
our results concerning the hydrogen diffusion from the B-phase to product 
films. The corrosion rate of AZ91D alloy was determined by the synergistic 
effect of the volume fraction of the B-phase and hydrogen diffusion from the 
B-phase to the product film. For a small volume fraction, the B-phase has 
two opposite effects on corrosion rate: galvanic cathode (accelerated) and 
hydrogen diffusion (decelerated). The corrosion rate was determined by the 
competition between the galvanic cathode and the hydrogen diffusion. For 
a high volume fraction, either the anodic barrier or the hydrogen diffusion 
might induce the decrease of the corrosion rate of AZ91D alloy. 

In summary, in the initial corrosion process of AZ91D alloy, atomic 
hydrogen diffused into the B-phase, which evoked the decreasing of hydrogen 
evolution rate and the weakening of the NDE. Owing to the diffusion of 
hydrogen into the B-phase, the surface potential of the B-phase decreased. 
At the initial stage, the corrosion process of AZ91D alloy was controlled 
by three surface state variables: the area fraction of partially protective film 
(@) on alloy surface, the concentration of intermediate species Mg* (C,,) 
and continuous change of potential on the B-phase (Eg). However, with 
time increasing, owing to the saturation of atomic hydrogen in alloy, the 
corrosion process was controlled by area fraction of the partially protective 
film (@) on the alloy surface and the concentration of intermediate species 
Mg* (Cy). 

During the diffusion process, hydrogen entering the film would be ionized, 
and an MgH, film formed on the alloy surface. As a result, the corrosion 
resistance of AZ91D alloy was improved. 


4.2.2 Roles of microcrystallization on the corrosion 
behavior of Mg alloy 


Poor corrosion resistance is one important reason why magnesium alloy is 
not widely used. During the last few years, some investigations have been 
carried out to study the corrosion resistance of sputtering magnesium and 
its alloys [8—10]. The microcrystalline (MC)/nanocrystalline (NC) structure 
and the change of constituent phases should be the main factors responsible 
for the improvement of corrosion resistance of sputtering AZ91D alloy. 
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A transmission electron microscopy (TEM) image of the sputtering film 
is shown in Fig. 4.5, which indicates that the grain size of sputtering alloy 
is about 300 nm and the diffraction pattern confirmed that crystal grain has 
a (hexagonal close packed, HCP) o-phase structure. 


(b) 


4.5 TEM images of sputtering AZ91D alloy coating. 
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It is well known that the overall corrosion reaction of magnesium in 
aqueous solution at its corrosion potential can be expressed as follows: 


Mg + 2H,O0 @ Mg(OH), + H, Tt 4.9 


This means that the dissolution of one mole of Mg atoms generates one mole 
of hydrogen gas. So, in theory, measuring the volume of hydrogen evolved 
is equivalent to measuring the weight loss of magnesium dissolved and the 
measured hydrogen evolution rate is equal to the weight loss rate if both of 
them have been converted into the same unit. Therefore, the corrosion rate 
of the Mg alloys can be evaluated by the volume of hydrogen evolution 
from them in situ. Figure 4.6 gives the hydrogen evolution from MC alloy, 
cast AZ91D alloy and T4 alloy in NaCl aqueous solution as a function of 
immersion time. All the measurements were duplicated three times with 
a good reproducibility. We can claim that at the beginning (time A), the 
corrosion rate of all the specimens can be ranked as an increasing series: cast 
alloy (a + B-phases) < MC alloy (a-phase) < T4 alloy (a-phase). However, 
as the immersed time increased, the corrosion rate of MC alloy gradually 
became lower than that of cast alloy. At time B, the corrosion rate of all 
the specimens should be ranked as: MC alloy (a-phase) < cast alloy (a + 
B-phases) < T4 alloy (a-phase). 

According to previous works [5,11,12], there should be a product film 
formed on the alloy surface in NaCl aqueous solution. But for the cast alloy 
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4.6 Volume of hydrogen evolution of cast alloy, MC alloy and T4 
alloy in 1mol/L NaCl aqueous solution. 
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and T4 alloy, the hydrogen evolution volume increased lineally with time, 
which implied the product film on the alloy surface was less protective. 
On the other hand, for the MC alloy, the HER decreased with time and the 
hydrogen evolution volume approached a maximum in the end. A protective 
product film formed on the MC alloy surface might be the reason why the 
hydrogen evolution rate decreased so obviously. At time B, two different 
types of surface morphologies for the above specimens were illustrated by 
scanning electron microscopy (SEM). The corrosion of cast and T4 alloys 
initiated in the form of pits at several locations and then spread over the 
surface in a cellular fashion (Fig. 4.7(a) and (b)), while there was a feather- 
shaped product film-covered MC alloy surface (Fig. 4.7(c)) in the same 
condition. 

The polarization curves of MC alloy, T4 alloy and cast AZ91D alloy in 
NaCl aqueous solution after immersion for B time were measured, respectively, 
and are shown in Fig. 4.8. It can be seen that at B time, the corrosion rate of 
all the specimens should be ranked as: MC alloy (B-phase) < cast alloy (a + 
B-phases) < T4 alloy (i-phase). The result agreed with the amount of hydrogen 
produced. The hydrogen production and potentiodynamic polarization curves 
for AZ91D alloys illustrated that the phase change has a significant influence 
on the corrosion resistance of Mg alloy. We can confirm that the corrosion 
resistance would deteriorate with the absence of the B-phase because the 
corrosion rate of T4 alloy with only the a-phase was much higher than that 
of the cast alloy with both the a and B-phases. On the other hand, the grain 
size of alloy also plays a big role in the corrosion resistance of an Mg alloy. 
The corrosion rate of MC alloy is much lower than that of T4 alloy, which 
has the same phase but the grain size is different. It seems that changing 
grain size is more effective than changing phase to improve the corrosion 
resistance of an Mg alloy because the corrosion rate of the MC alloy was 
reduced to less than that of the cast alloy when the grain size is lowered to 
nanoscale even through no B-phase exists in it. 

Polarization curves (Fig. 4.8) also meant that the anodic process of the MC 
alloy was inhibited. It attributed to a protective product film formed on MC 
alloy surface. Therefore, for thorough understanding of the microcrystallization 
effect on corrosion resistance ofAZ91D alloy, it is necessary to study the 
nature of the corrosion product film on MC alloy. 

The results of TEM (see Fig. 4.9) showed the grain size of the product 
film scaled off from cast alloy was about 200nm, while that of MC alloy 
was less than 10 nm. The diffraction pattern confirmed that there was a MgO 
film (face centered cubic, FCC) formed on both cast alloy and MC alloy 
(Fig. 4.9(c)). 

Figure 4.10 described the electronic energy band model for a semiconductor 
film formed on AZ91D alloy in NaCl aqueous solution. The proposed model 
has two interfaces: (1) substrate alloy/film and (ID) film/electrolyte. At interface 
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4.7 Scanning electron microscopy (SEM) images of cast, T4 and MC 
alloy after 24h immersion in 1mol/L NaCl solution: (a) cast alloy; (b) 
T4 alloy; (c) MC alloy. 
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4.8 Polarization curves of cast alloy, MC alloy and T4 alloy in 
1 mol/L NaCl aqueous solution after (a) 0.5h immersion and (b) 24h 
immersion. 


(1), with the increasing of anodic potential, the energy band slopes in the 
semiconductor film descended toward the film/substrate interface. At interface 
(II), electronic transition was carried out from valence band to Fermi level 
(E,) and vacancies were generated in valence band. Several investigations 
had demonstrated that the energy shift in the band gap, AE, as a function of 
particle size can be predicted by the three-dimensional confinement model 
based on the effective mass approximation [13-15]: 
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4.9 The TEM of the product film on (a) cast and (b) MC alloy. The 
diffraction pattern is shown in (c). 
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4.10 Schematic presentation of the electronic band structure of 
product films formed on cast alloy and MC alloy in NaCl aqueous 
solution. 
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holes, € the dielectric constant, and Epy the effective Rydberg energy given 
as e4/2e*h*(1/m, + 1/m,). So, the energy shift in the band gap was: 


AES > AE 4.1] 


where E,* and a are the energy gap of the microcrystallization alloy and 
bulk, respectively. 
This indicated: 


bulk 
hee Tag 4.12 


Therefore, it could be expected that the energy band of the product film on 
MC AZ91D alloy increased, suggesting that it became difficult for electronic 
transition from valence band to Fermi level (see Fig. 4.10), which might 
be the proper explanation for the increasing of corrosion resistance of the 
product film on MC alloy. 

From the above results and discussions, we can confirm that the phase 
change did not appear to have a significant influence, but the grain size 
of alloy plays a key role on the corrosion resistance. There was a more 
protective product film formed on the MC alloy. The main reason for the 
more protective product film might be attributed to the smaller grain size 
of the product film on MC alloy, which was favorable to the widening of 
energy band. 


4.3 Role of rare earth (RE) elements on the 
corrosion process of magnesium (Mg) alloy 


4.3.1 Role of RE elements on the corrosion of an Mg 
alloy under thin electrolyte layers 


For various Mg alloys, RE-containing alloys are known to show excellent 
creep resistance [16]. Recently, Mg alloys containing gadolinium and yttrium 
were found to exhibit higher strength than WE54 alloy at both room and 
high temperatures. Many work revealed that Mg—Gd-Y alloy could offer 
good combination of strength, elongation and creep resistance in the peak 
hardness by artificial aging [17]. Despite the fact that Mg—Gd-Y alloys 
as structural materials are mostly used in atmospheric environments, the 
literature on atmospheric corrosion of Mg—Gd-Y alloys is scarce [18-20]. 
The role of RE elements on the atmospheric corrosion of magnesium alloy 
is still unclear. In the other word, the detailed corrosion mechanism of an 
Mg-RE alloy in case of atmospheric condition awaits clarification. 

The atmospheric corrosion is the most widely spread form of corrosion. It 
occurs under thin electrolyte layers (TEL), or even adsorbed layers. A change 
in the thickness of the electrolyte layer affects a number of processes, such 
as the mass transport of dissolved oxygen, the accumulation of corrosion 
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products and the hydration of dissolved metal ions. Thus, the thickness of 
electrolyte has an important role on the atmospheric corrosion of metals. 

During the last five decades, many investigations on metals or alloys 
corrosion under TEL were carried out [21-26]; however, the fundamental 
understanding is still short. The main reasons are the errors in the 
electrochemical measurement of corrosion rates that arise from the ohmic 
drop between the reference and working electrodes and the uneven current 
distribution over the working electrodes. Moreover, in the conventional 
method, the Luggin capillary is used to measure the potential of the working 
electrode, which will change the thickness and composition of TEL. Thereafter, 
a scanning Kelvin probe (SKP) was applied to the investigations of the 
corrosion in TEL [27,28]. But this technique still has its disadvantages, 
such that the voltage potential measured by SKP is not entirely identical 
to the corrosion potential under all conditions and the oscillations required 
by SKP during measurement can cause significant convective effects in the 
TEL on the substrate, aiding O, transport across the TEL. Thus in many 
recent investigations, the conventional electrochemical method to study the 
atmospheric corrosion process has regained interest [29]. A new experimental 
arrangement was development to study the TEL corrosion of metals, the 
common difficulty in the TEL electrochemical measurement is considered 
and minimized by design and correct testing method. 

The experimental arrangement is shown in Fig. 4.11. Concerning the 
design of the experimental setup, an important issue to take into account 
is to assure that the TEL formed on the working electrode is even and 
stable. The working electrode is inserted in the center of a Teflon cylinder, 
which can be fixed firmly in the cell. The electrochemical cell is put on a 
horizontal stage, which can be adjusted according to a water level. After the 
electrochemical cell is set up and adjusted to a horizontal level (Fig. 4.11), 
an even TEL with certain thickness can be obtained on the whole electrode 
surface. One of the advantages of this arrangement is that, even if the TEL 
is ultra-thin on the working electrode, the counter and reference electrodes 
are still immersed in the bulk electrolyte, which can minimize the ohmic 
drop between the reference electrode and the working electrode. 

The thickness of the TEL is measured by the arrangement also shown 
in Fig. 4.11. A very fine platinum needle is welded on a micrometer screw 
and the micrometer is fixed at a position right above the electrode. When 
the cell is arranged, the Pt needle is adjusted slowly toward the electrode. 
Once the needle touches the electrode surface, there will be a sudden value 
shown on the ohmmeter, then the move of the needle is stopped and the 
position of the micrometer is recorded. Afterwards the micrometer is moved 
backward until some distance is kept between the electrode and the tip of 
the needle, and then the electrolyte is poured into the cell to form a relative 
thick electrolyte film on the electrode. Then the micrometer is moved towards 
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4.11 Schematic diagram of the experimental arrangement for thin 
electrolyte film corrosion study. 


the electrode again, when the Pt needle touches the TEL surface, the ohmic 
meter will show a sudden ohmic value too, and the position of the micrometer 
is recorded again. The thickness of the TEL will be calculated micrometer 
from the two values. In order to form the needed TEL thickness on the 
electrode, a set of syringes was used in this study to remove the electrolyte. 
This experiment setup allows the measurement of the TEL thickness with 
an accuracy of 10m. In the design of this arrangement, the diameter of the 
cell is much greater than that of the electrode (the inner diameter of the cell 
is 30cm while the electrode is only 1cm), which can minimize the change 
of TEL thickness due to evaporation, because the cell contains large amount 
of electrolyte and the air—electrolyte interface is large. To keep long-term 
stability of the TEL, the cell is covered with a Perspex lid. The Perspex lid 
has three holes for the Pt needle, counter electrode and reference electrode. 
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After the measurement of the thickness, the holes are sealed with Vaseline 
to prevent the evaporation of the electrolyte. 

Figure 4.12 presents the cathodic polarization curves of Mg—Gd-Y alloy 
under TEL with various thicknesses. The electrochemical parameter was 
calculated from Fig. 4.12 and illustrated in Table 4.1. Our previous work 
revealed that the cathodic process of magnesium was dominated by hydrogen 
reduction process [30]. In this study, the cathodic current density of Mg—Gd-Y 
alloy ranged from 107! to ~10-3 A/cm”, which was two orders higher than that 
dominated by oxygen diffusion process (10+ ~10> A/cm”) [31]. Therefore, 
it implied that the cathodic process of Mg—Gd-Y alloy was dominated by 
the hydrogen reduction process under TEL. Moreover, the cathodic current 
density of Mg—Gd-Y alloy decreased with decreasing TEL thickness. It 
was a unique phenomenon because, for most metals, such as iron, copper 
and aluminum, the cathodic current density increased significantly with the 
decrease of TEL thickness [29-31]. It also revealed that TEL thickness had 
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4.12 Cathodic polarization curves of GW102K under various thin layer 
thicknesses in 0.05M NaCl + 0.5M Na SO, solution saturated by 
Mg(OH)>. 


Table 4.1 The fitted electrochemical parameter for the cathodic polarization curve 
of Mg-Gd-Y alloy under various thin layer thicknesses 


Thickness (um) 62 93 143 258 Bulk 
ae (Vagiage!) -1.524 —1.559 —1.600 -1.589 1.587 
leorr (A/em*) 6.383E-7 6.082E-7 1.097E-6 1.008E-6 2.283E-6 
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significant inhibition influence on the cathodic process of Mg—Gd-Y alloy 
with the decrease in TEL thickness. 

Table 4.1 demonstrated that the open circuit potential of Mg—Gd-Y alloy 
shifted to the noble direction with the decrease in TEL thickness. Generally, 
the increased corrosion potential attributed to the acceleration of cathodic 
process or the inhibition of anodic process. The polarization curve results 
implied that the cathodic process was significantly inhibited under the TEL 
condition. So, it could be predicated that the inhibition of anodic process 
under TEL might be the proper explanation for the increasing of corrosion 
potential. 

The EIS was carried out at open circuit potential (Fig. 4.13), which 
was aimed at confirming the results of cathodic polarization curve and at 
demonstrating the ohmic drop between working and reference electrode. The 
EIS of Mg—Gd-Y alloy under TEL consisted of two capacitive loops in the 
high and low frequency ranges. 

The equivalent circuit in Fig. 4.14 was presented to fit the EIS results 
in Fig. 4.13, and the parameters of fitted results for Fig. 4.13 are listed in 
Table 4.2. For the equivalent circuit, R, was the solution resistance, CPE,, 
was the double layer capacitance, R, was the charge transfer resistance of 
cathodic reduction reaction, CPE; was the capacitance of protective film and 
R, was the film resistance. 

It should be noted in Fig. 4.13(b) that all of the phase shift exceed —45°, 
thus, the current distribution on the working electrode is even and uniform 
during these EIS tests, the effect of solution resistance could be considered 
to be minimized [30,31]. The R, value ranged from 6 to 47Q cm? with the 
decreasing TEL thickness (see Table 4.2). It meant that the experimental 
setup could effectively minimize the ohmic drop between working electrode 
and reference electrode in the case of TEL. It can be seen from Table 4.2 
that the value of the double layer capacitance CPEg was varied between 
10 and 16 uF cm’, which implied that the TEL was continuous and covered 
most of the working electrode surface. 

When the thickness of TEL was as low as 37 um, the R; value increased 
from 1345 to 4096 Qcm”, which revealed that there was a protecting film 
formed on the surface of Mg—Gd-Y alloy and the corrosion resistance of the 
film enhanced with the decreasing of TEL thickness. It was likely that this 
had to do with faster accumulation of corrosion products. In other words, 
the corrosion of Mg—Gd-Y alloy was inhibited under TEL condition, which 
agreed with the polarization results. 

According to the cathodic polarization curve and EIS results, it was clear 
that the cathodic process of the corrosion of Mg—Gd-Y alloy was dominated 
by the hydrogen evolution reaction in the case of TEL. With the decreasing 
of TEL thickness, the corrosion of Mg—Gd-Y alloy was retarded. 

The corrosion morphology of Mg—Gd-Y alloy after the immersion time 
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4.13 EIS of GW102K under various thin layer thickness at the open 
circuit potential in 0.05 M NaCl+0.5M Na»,SO, solution saturated by 
Mg(OH)>. 
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4.14 Equivalent circuit for Fig. 4.13. 
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Table 4.2 The fitted electrochemical parameter for EIS of Mg—Gd-Y alloy under 
various thin layer thicknesses 


Thickness R, CPE,, (Yo) at nN R, CPE; (Yo)at No R; 

(um) (Qem?) (uFem?Hz'”) (Qcem?) (uFem?Hz'-") (Qcem?) 
37 46.83 16.5 1 1657 171 0.4861 4069 
75 37.68 14.3 1 1637 220 0.4848 2360 
96 26.96 12.8 0.9803 1747 366 0.4785 3380 
155 28.83 117 0.9849 1689 453 0.4905 2535 
241 23.92 10.4 0.9902 1524 525 0.4868 2881 


bulk 5.75 13.5 0.9142 1637 793 0.8305 1345 


of 120h under TEL and bulk solution is shown in Fig. 4.15. It was observed 
that the number of pits was reduced with the decreasing of TEL thickness. 
Furthermore, the pit size under TEL was smaller than that in bulk solution. 
This meant that TEL had a significant influence on the anodic process of the 
corrosion of Mg—Gd-Y alloy. Further analysis of the anodic process under 
TEL should be carried out. 

The susceptibility of pit corrosion could be attributed to two aspect factors: 
pit initiation and pit growth [32]. In the other word, the pit corrosion is 
dominated by the synergistic effect of the pit initiation and pit growth, which 
determine how it grows and whether it becomes stable or not. Therefore, 
a system undergoing serious uniform corrosion can have both higher pit 
initiation rate and lower pit growth probability. In contrast, the corrosion 
would be rare since lower both pit initiation rate and pit growth probability 
are dominant. Finally, in the case of lower pit initiation rate and higher 
pit growth probability, the corrosion would be rather localized over the 
surface. 

Shot noise theory is based on the assumption that the signals are composed 
of packets of data departing from a base line. This theory can be applied 
to the analysis of electrochemical noise data from corrosion systems, the 
current noise signals being considered as packets of charge [33]. Among 
noise-generating processes, shot noise is caused by the fact that the current 
is carried by discrete charge carriers. Consequently, the number of charge 
carriers passing a given point will be a random variable. 

Provided that the individual events are independent of other events such 
as the stochastic processes, it has been known that the shot noise analysis 
is applicable to the individual events. In the recent literature, the shot noise 
theory has been applied to the analysis of electrochemical noise signals [33]. 
If we assume that shot noise is produced during breakdown of the passive 
film, pit initiation and hydrogen evolution, the average corrosion current 


Teor 18 defined as 


L corr =q «fn 4.13 
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4.15 SEM images of corrosion morphology of GW102K after the 
immersion of 120h under various thin layer thicknesses: (a) small 
magnification and (b) large magnification in bulk solution; (c) small 
magnification and (d) large magnification under 233 um thin layer; 
(e) small magnification and (f) large magnification under 164 um 
thin layer; (g) small magnification and (h) large magnification under 
65 um thin layer. 
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4.15 Continued 
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4.15 Continued 


where q is the average charge in each event and f, the frequency of events. f, 
can be estimated from the following relations based upon shot noise theory. 
Taking into account that /,,,, = B/R, and assuming that R, is equal to R,, 
where R, is the noise resistance. The following expression is acceptable: 


B = Teor oo Ry 


Since f, = B?/(Wp - 8) [33] where s is the sample area and s = lcm’, yg is 
the low frequency limit (0.01Hz) of power spectral density of potential, 
respectively. f,, can be estimated in function of /,,,,, Ry, and Wp: 


fa = eon © Rn)P?/ We 4.14 


The cumulative probability F(f,) is plotted against the frequency of events 
J, in Fig. 4.16 for Mg—Gd-Y alloy under various TEL thicknesses. The 
procedure for determining the cumulative probability F(f,) from f, data 
is described as follows: first, all calculated f, data are arranged in order 
from the smallest and then the cumulative probability F(f,) is calculated as 
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MI(N + 1), where M is the rank in the ordered f,, data and N the total number 
of f,, data. 

It was found that the distribution of f, shifted to a lower frequency region 
with the decrease in TEL thickness. Considering that high-frequency events 
would tend to occur all over the alloy surface, the corrosion of Mg—Gd—Y 
alloy would be less localized as high-frequency events became dominant. 
In contrast, the corrosion would be rather localized over the surface as low- 
frequency events were dominant. 

Since the space of the distribution function should be the positive ¢ axis, 
the plots of the cumulative probability in Fig. 4.16 were transformed from 
the f, domain to the mean free time ¢,, domain in order to investigate the 
low-frequency events associated with localized corrosion in more detail 
based upon a stochastic theory. 

Weibull distribution function is one of the widely used cumulative 
probability functions for predicting lifetime in reliability test [34]. This is 
because it can easily approximate the normal distribution, logarithmic normal 
distribution and exponential distribution functions. In addition, it is also 
possible to analyze data even when two or more failure modes are present 
at the same time. The cumulative probability F(t) of a failure system can be 
introduced just as Weibull distribution function based upon a ‘weakest-link’ 
model [34], which is expressed as: 


F(t) = 1 — exp(-t’”/n) 4.15 


where m and n are the shape and scale parameters, respectively. From 
rearrangement of Eq. 4.15: 
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4.16 Cumulative probability plots for the frequency of events, f,, 
under various thin layer thicknesses. 
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In{In[1/(1 — F(O))]} = mint - Inn 4.16 


The resulting plots of the cumulative probability F(f,,) versus t,, were rearranged 
according to Eq. 4.16, which gave the Weibull probability plots. 

Figure 4.17 described the Weibull probability plots for Mg—Gd-Y alloy 
under the TEL with various thicknesses. The plots showed satisfactorily good 
two linear regions in one plot, which indicated that two failure modes existed, 
depending upon f,,. Considering that only uniform and localized corrosion 
would occur during the noise measurement, it was suggested that the slopes 
in the relatively shorter ¢,, range were associated with uniform corrosion. 
On the other hand, the slopes in the longer f,, range were responsible for 
localized corrosion such as pit initiation. From Fig. 4.17, the values of the 
shape parameter m and scale parameter n were determined for pit corrosion 
of Mg—Gd-Y alloy as a function of TEL thickness, which are listed in Table 
4.3. 

The conditional event generation rate r(t) is employed as a kind of failure 
rate in reliability engineering, which is defined as [34]: 


In{In[1/(1-F(1/F,)) 1} 


log (1/f,) 


4.17 Weibull probability plots under various thin layer thicknesses. 


Table 4.3 Weibull distribution parameters for the pit corrosion of Mg—Gd-Y alloy 
under various thin layer thicknesses 


Thickness (um) Shape parameter m [-] Scale parameter n [s’™] 
65 0.538 4.104 

164 0.567 3.347 

233 0.382 2.067 

bulk 0.419 0.788 
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r(t) = 7 is 4.17 


The conditional event generation rate r(f) was calculated as a function of 
TEL thickness by inserting the values of the shape and scale parameter m 
and n into Eq. 4.17. The result of r(t) was illustrated as a function of time ft 
in Fig. 4.18. The value of r(t) represents the formation rate of pit initiation in 
the next unit time for the specimens, in which pit initiation has not yet been 
generated when ¢ has elapsed. It was observed that the value of r(¢) under 
TEL was remarkably lowered compared with that in the bulk solution at a 
given time f. This indicated that pit initiation was inhibited under TEL. 

Pit depth growth is modeled using a nonhomogeneous Markov process. 
The way to link the initiation and growth stages when multiple pits are 
considered is proposed for the first time [32]. To do this, the theoretical 
foundations of extreme value statistics have been employed. It is shown that 
the solution of the Kolmogorov forward equations, governing the growth of 
an individual pit, is in the domain of attraction of the Gumbel distribution 
[32]. The Gumbel extreme value distribution is used to model the behavior 
of the deepest pits [32]. 

The extreme value statistics analysis can be estimated according to the 
following procedure [35]: first, all calculated extreme value data are arranged 
in order from the smallest and then, the probability F(Y) is calculated as 
1-[M/(N + 1)], where M is the rank in the ordered extreme value and N the 
total number of extreme value data. The reduced variant (Y) can be calculated 
by the formula Y = —-In {-In [F(Y)]}. 

The probability that the largest value of pit depth < x is described by a 
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4.18 Plots of the pit initiation rate under various thin layer 
thicknesses. 
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double exponent (Gumbel type extreme value distribution) can be calculated 
by the following form [35]: 


Pitnax =Htalns 4.18 
Probability of pitting size 
= sep exp pitting sizes +oaln a 4.19 
C € 


where yw is the central parameter (the most frequent value), @ is the scale 
parameter, which defines the width of the distribution, and S is the area of 
the large system. 

The integration of current transient with time could be used to determine 
the charge passed for each current transient spike. This charge is the result 
of the formation of a pit and can be related to the physical volume of the pit 
by using Faraday’s equation, Eq. 4.20, which was based on the correlation 
between optical pit size and anodic current transient charge [36]. If the pits 
are assumed to be hemispherical the pit radius/depth can be calculated, using 
Eq. 4.21: 


Charge passed « molecular mass 4.20 
Faraday constant con « density : 


Volume (cm3) = 


: . =,/3 « volume(cm?) 
mee: 
Pit radius (um) =! { on 


« 10000 4.21 
g A} 


where molecular mass of Mg—Gd-Y alloy is 27.8 g/mol, Faraday constant is 
96 500 and density of magnesium is 1.74 g/cm’. The largest pit sizes within 
each of the electrochemical noise (EN) segments were calculated and the 
values were subjected to extreme value statistics analysis. 

The values of the reduced variant were plotted against the ordered pit 
sizes (Fig. 4.19), which indicated that both metastable pit and stable pit 
occurred on the alloy surface. The observation of the straight line confirmed 
that the data did in fact fit the Gumbel distribution. The values of a and 
uu are the scale and location parameters for the distribution of the largest 
pits, respectively. These values are analogous to the standard deviation and 
average, and describe the shape and center of the probability distribution of 
maximum metastable and stable pit sizes expected from electrodes identical 
to those used for the measurements and treated in the same manner for the 
same period of time. The scale and location parameters measured under 
the TEL with various thicknesses are shown in Table 4.4. The probability 
of a given pit size occurring under the TEL with various thicknesses was 
calculated using Eq. 4.19 and the results were shown in Fig. 4.20. The 
probabilities can be converted into an expected time for pit cavity with a 
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4.19 Gumbel probability plots under various thin layer thicknesses. 


Table 4.4 Gumbel distribution parameters for GW102K under various thin layer 
thicknesses 


Metastable pit Stable pit 
Thickness Scale Location Scale Location 
(um) parameter parameter parameter parameter 
a LU (um) (os LU (um) 
65 3.788 12.47 5.814 10.49 
164 3.311 10.97 6.369 5.268 
233 3.559 10.02 5.438 9.989 
bulk 1.658 8.755 12.50 5.836 
LL 8 65um 
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4.20 Probabilities of various diameter pits occurring under TEL with 
various thicknesses. 
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particular size to occur by taking the reciprocal of the probability. That is, 
calculating the time it takes for the cumulation of the probabilities to equal 
unity. For example, a 30 um stable pit radius in the bulk solution will occur 
on average after 5.46h, but under 233 um TEL the average time for the same 
30um stable pit to occur is 12.41 h, under 164m it is 13.96h and under 
66um it is 8.3h. These results indicated that the metastable pit formed on 
Mg-Gd-Y alloy has a lower probability to become stable ones and, finally, 
developed into larger pit cavity during longer time interval under TEL than 
that in bulk solution. 

The above discussion revealed that TEL had significant influence to the 
pit susceptibility of Mg—Gd-Y alloy. In case of TEL, both the pit initiation 
rate and the pit growth probability were decreased. 

In summary, the corrosion behavior of Mg—Gd-Y under TEL was 
significantly different from that in bulk solution. The experimental results 
indicated that the corrosion rate of Mg—Gd-Y alloy decreased significantly 
with the decrease in TEL thickness. The cathodic process of the corrosion 
of Mg—Gd-Y alloy was dominated by hydrogen evolution reaction not only 
under TEL but also in bulk solution. With the decrease in TEL thickness, the 
cathodic process was retarded. Under TEL condition, TEL had significant 
influence on the anodic process of Mg—Gd-Y alloy corrosion. The pit 
initiation rate was inhibited. The frequency of corrosion events under TEL 
is greatly lowered compared with that in the bulk solution. Furthermore, 
the pit growth probability was decreased. The metastable pit on Mg—Gd—Y 
alloy has a lower probability to become larger pit cavity during shorter time 
interval than that in bulk solution. 


4.3.2 Influence of RE element on passivity behavior of 
AZ91 alloy 


RE elements have been used in Mg alloys as well as AZ91 alloy in recent 
years. The beneficial effect of RE elements in AZ91 alloy has been investigated. 
Rosalbino et al. [37] considered that the improved corrosion resistance of 
the Mg—AI-Er alloys could be attributed to the incorporation of erbium in 
the Mg(OH), lattice. Zhou et al. [38] studied the influence of Ho addition 
on corrosion resistance of AZ91 alloy. They believed that the improvement 
of corrosion resistance of the Mg—9AI—Ho alloys could be explained by 
the fact that the deposited Ho-containing phases were less cathodic and 
the corrosion product films could restrain further corrosion. Wu et al. [39] 
found that | mass% Ca and 1 mass% RE element (the mixture of Ce and 
La) together added to AZ91 alloy could decrease the corrosion rate due 
to the formation of the reticular Al,Ca phase, which acted as an effective 
barrier against corrosion. Huang et al. [40] and Liu et al. [41] studied the 
influence of Ce to AZ91 alloy corrosion resistance. They found that as the 
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microstructure of as-cast AZ91 alloy was refined, the B-phase volume and 
distribution could be changed and rod-like Al,Ce phase was formed, which 
led to the decrease of corrosion current density in AZ91 alloy. 

Generally, wrought Mg alloys have superior mechanical properties to 
as-cast Mg alloys [42], due to such mechanisms as the refinement of grains, 
the elimination of cast defects and homogenization of microstructure during 
the plastic deformation process. Comparing with conventional wrought 
Mg alloys like AZ31, AZ61 and ZK60, AZ91 alloy is likely to have better 
combination of cast ability, plasticity and cost [43]. Although the improved 
corrosion resistance after addition heavy (Er or Ho) and light (Ce or La) RE 
elements were studied, RE elements effect on passivity behavior in wrought 
AZ91 alloy has not been clear. 

In this section, the wrought AZ91 alloy was fabricated as follows: the 
cast ingots were extruded at 230—240°C with a horizontal water press, the 
rate was 2-3 m/min and the extrusion ratio was 18:1. 

The potentiodynamic anodic polarization plots of wrought AZ91 alloy 
without and with Ce in 0.01M NaOH aqueous solution are shown in Fig. 
4.21. It can be seen that the anodic polarization plot of wrought AZ91 alloy 
without Ce shows an active-passive behavior. A decrease in current density 
at potential above —1.456 Vocg is observed. Within the potential range of 
passivity, a relative small passive current density (about 4 0 10° A/cm’) is 
observed, which is potential-dependent. 

The polarization plot of wrought AZ91 alloy with Ce differs from that 
of wrought AZ91 alloy without Ce. For wrought AZ91 alloy with Ce, the 
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4.21 The potentiodynamic anodic polarization plots of wrought AZ91 
alloy without and with Ce in 0.01M NaOH. 
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anodic current density increases with the increment of applied potential. At 
low anodic potential, the polarization plot is characterized by a progressive 
increase of current density with increasing anodic potential, thereby indicating 
an appreciable tendency for metal dissolution, which may be caused by Ce 
rapid dissolution because of its high chemical activity. When the potential 
increases around —0.5 Vgcg, the passivity behavior appears and the passive 
current density is between 8 0 10~° and 9 0010~° A/cm’ at the potential range 
of —0.5 to 1.6 Vscg. The passive current density of wrought AZ91 alloy with 
Ce is about twice that of wrought AZ91 alloy without Ce, which indicates 
that the stability of the passive film becomes worse with addition of Ce. 

Variation of current with time at 0 Vscg was measured. According to the 
point defect model [44], the relationship between current density and time 
is as follows: 


log(t,) = k log(t) + C 4,22 


where k represents the slope of double-logarithmic plot for potentiostatic 
polarization. k = —1 indicates the formation of a compact, highly protective 
passive film on the electrode surface and a high field-controlled oxide layer 
growth. k = -0.5 indicates the presence of a loose film and a diffusion- 
controlled oxide layer growth [45,46]. 

Fig. 4.22 shows the double-log plots of current density with time for two 
alloys. For passive films on two alloys, k = —0.5 is obtained and there is no 
obvious difference in the k value. Therefore, the passive films on two alloys 
are loose and passive film growths are at the control of diffusion process. 
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4,22 Potentiostatic polarization plots for wrought AZ91 alloy without 
and with Ce at OVsce in 0.01M NaOH solution. 
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X-ray photoelectron spectroscopy (XPS) is an effective way to ascertain 
film composition, thus to provide an additional access for understanding 
passive behavior. XPS depth profiling (DP-XPS) spectra of Mg),, Aly) and 
O,, of the passivity film on wrought AZ91 alloy without Ce are shown in 
Fig. 4.23(a) [47]. The lower bond energy (BE) peak at ~1303.8 eV is assigned 
to metallic Mg. The broader higher BE peak is centered between ~1305.5 
and ~1307eV, indicating the co-existence of Mg oxide and Mg hydroxide 
in the film [48]. The broaden peak indicates that the passivity film is loose, 
which is in good agreement with the potentiostatic polarization result. The 
lower BE peak at ~73.5eV is assigned to metallic Mg,7Al1,> and the higher 
BE peaks at ~75.1 are attributed to Al oxide and Al(OH); [49], respectively. 
Figure 4.23(a) shows that two O,, peak at ~531.8 eV (assigned to oxide) and 
at ~534.3eV (assigned to hydroxide) exist in the passive film of wrought 
AZ91 alloy without Ce. From the result of DP-XPS, it can be concluded 
that the passive has double layers: Mg(OH), and Al(OH); predominate at 
the outer layer of passive film, while MgO and AI,O3 are present in the 
inner layer. With sputtering, the peak intensities of Mg(OH), and Al(OH); 
decrease while those of MgO and AI,O3; exhibit the opposite behavior. 

DP-XPS spectra in the Mgj,, Alyy, Ce3q and Oj, for the passive film on 
wrought AZ91 alloy with Ce are shown in Fig. 4.23(b). The components 
of the passive film are Mg(OH), and Al(OH); at the outer layer, which is 
almost the same as those of the film on wrought AZ91 alloy without Ce. No 
Ce hydroxide is incorporated into the outer layer of the surface film, which 
is the same as the result obtained by Yao et al. [50]. They found that passive 
film composition on Mg—13.2 at.% Y alloy was mainly of Mg(OH), mixed 
with small amount of MgO and no Y was incorporated into the outer layer 
of the surface film formed in 0.01 M NaCl solution (pH 12). When sputtering 
time increased to 300s, the 3d3,. and 3ds5/2 double peaks of Ce appeared. 
The double BE peaks at ~883.4 and ~902.2eV are attributed to CeO. The 
inner film component of wrought AZ91 alloy with Ce is the mixture of MgO, 
AI,03 and CeO>. 

From DP-XPS result of wrought AZ91 alloy with Ce, there are no Ce 
hydroxides at the outer layer of the passivity film. Ce only exists in the 
inner layer. From potential-pH diagram of cerium—water system [51], it 
can be seen that the Ce**, Ce(OH); and CeO, are the most stable species in 
the water. The Ce** species is stable at higher acidic region (pH < 1) at all 
potential conditions, but as the pH increases Ce(OH)3 or CeO, becomes stable. 
Therefore, Ce(OH)3 or CeO, was stable in 0.01 M NaOH aqueous solution 
(pH 12). It is known that the radii of Mg**, Al** and Ce** are 0.65, 0.50 
and 1.69 A, respectively [52]. The radius of Ce** is almost 1.5 and 2 times 
those of Mg”* and Al**, respectively. In this case, Ce** outside diffusion in 
the passivity film will become very difficult. At the initial stage of passivity, 
Ce hydroxide together with Mg and Al hydroxides could easily form on the 
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4.23 XPS spectra of Mg1s, Al2p and O1s for wrought AZ91 alloy 
without Ce (a), Mg1s, Al2p, Ce3d and O1s for wrought AZ91 alloy 
with Ce (b). 
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4.23 Continued 


surface of the electrode. Ce hydroxide movement outside the interface of film 
and solution was almost impossible because the radius of Ce** is larger than 
those of Mg?* and Al**. Therefore, Ce hydroxide existed only in the inner 
film. As the passivity went on, the Ce hydroxides had less opportunity to 
contact H,O, which could lose H,O from hydroxide and become the metal 
oxides (Eq. 4.26). Therefore, there are no Ce hydroxides at the outer layer 
of the passivity film for wrought AZ91 alloy with Ce. 

In order to ascertain the effect of Ce oxides in inner layer on the passivity 
for wrought AZ91 alloy with Ce, EIS was measured at 0 Vgcg in the passive 
range. Figure 4.24 shows the experimental EIS spectra of wrought AZ91 alloys 
without and with Ce. For wrought AZ91 alloy without Ce, a high-frequency 
capacitive loop and Warburg impedance (W) at low-frequency region are 
observed. For a wrought AZ91 alloy with Ce, the Nyquist plot consists of a 
high frequency capacitive loop and a line with the slope larger than 1 at low 
frequency region, which indicates a tangent hyperbolic diffusion (7) existing 
in the passive process. In other words, Ce addition to wrought AZ91 alloy 
made the diffusion process change from the Warburg impedance (W) to the 
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4.24 EIS spectra for wrought AZ91 alloy without and with Ce at OVsc¢ 
in 0.01M NaOH solution. 
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4.25 An equivalent circuit model for EIS spectra. 


Table 4.5 The fitting results of EIS of Fig. 4.27 


CPE q 
R, (Qcem?) (Yo)ai (UF em? Hz") n, R,(kQcem?) Wor T 
AZ91 91.8 0.3426 0 10% 0.9347 159.6 WwW 
AZ91Ce1.5 137.2 0.4344 0 10% 0.8436 136.8 Tr 


tangent hyperbolic diffusion (7). Therefore, Ce oxides in the inner layer of 
the passivity film had the barrier layer effect. 

EIS was fitted based on the equivalent circuit (Fig. 4.25) and the results 
are listed in Table 4.5. The transition resistance (R,) of the passive film for 
wrought AZ91 alloy without Ce is larger than that of wrought AZ91 alloy 
with Ce. This result again proves that the passive current density of wrought 
AZ91 alloy without Ce is lower than that of wrought AZ91 alloy with Ce. 
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Mott-Schottky (M-S) plots of passive films on wrought AZ91 alloys 
without and with Ce are shown in Fig. 4.26(a). As it can be seen, the positive 
slopes are obtained on wrought AZ91 alloy without and with Ce, which 
indicate n-type semiconductors of passive films for two alloys. Namely, Ce 
in wrought AZ91 alloy does not change the type of semiconductor. 

The slope of 1/C? versus V plot is inversely proportional to carrier 
concentration (donor or accepted). The slope of wrought AZ91 alloy without 
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4.26 M-S plots of the passive films for wrought AZ91 alloy without 
and with Ce (a), sketch presentation of the electronic structure of 
n-type passive film at anodic potential (b). 
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Ce is bigger than that of wrought AZ91 alloy with Ce, suggesting donor 
concentration in the passive film of wrought AZ91 alloy without Ce is lower 
than that of wrought AZ91 alloy with Ce. Ny can be obtained from the slopes: 
9.07 © 10?°cm™ for wrought AZ91 alloy without Ce and 1.67 «© 1077 cm™? 
for wrought with Ce. 

The results of the potentiostatic polarization and EIS have showed that 
the passive film formation processes for two alloys are diffusion-controlled 
processes, which means the diffusion stage is slower than the electrochemical 
stage during the passive film formation process. The metal ionization process 
at the interface of metal and film was the electrochemical process. The process 
was more rapid than the diffusion process, which led to metal ions or oxygen 
vacancies predominated in the passive film. This kind of passive film has 
an n-type semiconductor character. Therefore, the passive films of wrought 
AZ91 alloy without and with Ce addition present n-type semiconductors. 

Figure 4.26(b) shows a schematic diagram of the energy band structure of 
an n-type semiconductor. It can be seen that the Fermi level (E,) is near to 
the conductive band energy (Ec). If an anode polarization is applied to the 
passive electrode, Ex of the electrode is decreased, which causes the energy 
band to bend upwards to the side of solution. In the initial passivity, Ce** 
comes from metal ionization in wrought AZ91 alloy and Ce might react with 
OH to form the Ce hydroxides: 


Ce*+ + 30H” @ Ce(OH), 4.23 
As the passivity process went on, Ce(OH)3 is oxidized to CeO, [53]: 
Ce(OH)3 + OH © CeO, + 2H,O + & 4.24 


The electron (e”) comes into the conductive band (Fig. 4.26(b)), which would 
result in one magnitude increase of Nq in the passive film with Ce. The more 
donor the passive film has, the easier the anodic reaction proceeds. In other 
words, the passive current density of wrought AZ91 alloy with Ce is larger 
than that of wrought AZ91 alloy without Ce. From the above results, Ce 
oxide could form in the inner layer of the passivity film for wrought AZ91 
alloy with Ce, which increased the passive current density and led to the 
formation of unstable passive film. 

In summary, short rod-like Al,Ce phases were formed in wrought AZ91 
alloy with 1.5 mass% Ce, and DRX had been retarded. The passive current 
density increased and the passive film stability decreased after Ce addition 
into wrought AZ91 alloy. 

The passive film formed on two alloys had double layers. The outer layer 
was the metal hydroxides and the inner layer was the metal oxides. No Ce 
hydroxides were found at outer layer and Ce in the form of CeO, existed only 
in the inner layer of the passive film for wrought AZ91 alloy with Ce. 

The existence of CeO, in the inner layer had two effects on the passive 
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behavior of wrought AZ91 alloy. One is that CeO, acted on the barrier film 
and made mass transport through the passive film follow tangent hyperbolic 
(T) impedance for wrought AZ91 alloy with Ce instead of Warburg impedance 
(W) for wrought AZ91 alloy without Ce. The other is that transformation 
from Ce(OH)3 to CeO, led to the increase of Ng in the passive film, which 
was the main reason of passive current density increasing for wrought AZ91 
alloy with Ce. 
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Corrosion behaviour of magnesium (Mqg)- 
based bulk metallic glasses 


A. GEBERT, Leibniz Institute for Solid State and Materials 
Research, Germany 


Abstract: Magnesium (Mg)-based alloys offer a high potential for use as 
lightweight structural materials in the automotive and aerospace industry, but 
up to now their application has been limited because of insufficient corrosion 
resistance. In general, improvement of corrosion properties can be obtained 
by proper alloying as well as by homogenization of the microstructure 
applying advanced preparation techniques. A fully glassy or amorphous alloy 
state should principally yield a high corrosion resistance due to its ideally 
single-phase chemically homogeneous and defect-free nature. However, the 
glassy state is metastable, which gives rise to an enhanced reactivity. Those 
fundamental aspects will be critically assessed. 

In recent years, much progress has been made in the development of 
multicomponent amorphous Mg-based alloys with large glass-forming 
ability (GFA) exhibiting outstanding mechanical performances. In particular 
for bulk metallic glasses the alloy composition strictly defines the GFA. 
Therefore, the type and concentration of constituents cannot be easily 
modified for tailoring their corrosion properties. Highlights of the bulk 
glassy alloy design will be briefly reviewed. Fundamental studies on the 
corrosion behaviour of selected amorphous alloys and metallic glasses in 
different aqueous environments are reported. It is demonstrated that the 
particular new alloy compositions and structures can yield much lower 
free corrosion reactivity and improved passivity compared with Mg and 
conventional crystalline alloys. The passive layer properties are characterized 
in detail by means of surface analytical methods. However, for amorphous 
Mg-based alloys chloride-induced localized corrosion processes, i.e. pitting 
and filiform corrosion, are critical issues. Mechanisms of those processes, 
including initiation conditions, are described. Another important aspect is the 
hydrogen reactivity of Mg-based glasses. Under cathodic control these alloys 
can absorb large amounts of hydrogen which has an effect on the stability of 
the amorphous phase and on phase transformation reactions and can lead to 
severe embrittlement. 


Key words: bulk metallic glass, amorphous alloy, Mg-based alloy, general 
corrosion, passivity, filiform corrosion, hydrogen. 


5.1 Introduction 


For two decades a new generation of multi-component metallic alloy systems, 
which are capable of solidifying from the melt in fully amorphous structural 
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states at relatively low cooling rates of <1000 K/s, has been the focus of 
intensive research activities. By careful compositional selections following 
basic empirical rules of (i) multi-component systems with 23 elements, (ii) 
significant atomic size ratios of 212% and (iii) negative heats of mixing between 
the main constituent elements, a retardation of crystallization processes during 
conventional copper mould casting can be achieved. This way, amorphous 
samples can be obtained in bulk shape with thickness values of 21mm. 
These new alloy types exhibit a characteristic thermal behaviour with glass 
transition T, and wide undercooled liquid regime AT, before crystallization 
and are therefore more commonly known as bulk metallic glasses (BMGs). 
Their unique short- and medium-range ordered amorphous structures yield 
properties which are superior to those of conventional crystalline materials, 
e.g. very high mechanical strengths, large elastic elongation and good soft 
magnetic properties. This makes BMGs very promising as new class of 
engineering materials [1-4]. 

Due to their ideal single-phase homogeneous nature, bulk amorphous 
alloys or BMGs have gained the reputation of being highly corrosion-resistant 
materials. However, many experimental studies revealed a limited corrosion 
stability of different alloy types depending on the environment. This is 
mainly explained with the particular compositions of alloys for which high 
glass-forming ability (GFA) can be achieved and by the defective nature of 
real cast samples [5]. Therefore, for bulk metallic glasses the analysis and 
the understanding of corrosion phenomena are of decisive importance on 
their way to applications. 

Among the first glass-forming systems studied were those on Mg—base 
[1]. Starting from ternary Mg-TM-RE systems (TM = transition metal, RE 
= rare earth), e.g. Mg—Ni—La which was firstly published in 1989 [6], to date 
numerous compositional developments have been conducted aiming at the 
achievement of maximum GFA and therefore, the maximum critical diameter 
for solidification into fully amorphous states. Those Mg-based BMGs exhibit 
typically extremely high specific strength values, which recommend them as 
new types of high-strength light-metal—base structural materials. However, the 
applicability of these new alloys also depends significantly on their corrosion 
stability. The high reactivity of Mg and the rare earths components makes 
this a critical issue despite their particular amorphous structure. So far, only 
for selected Mg-based BMGs have corrosion properties been fundamentally 
assessed. 

This chapter starts with a brief overview about Mg-based BMGs and 
describes principal strategies and challenges for the achievement of maximum 
amorphous sample thickness. Characteristic thermal data and mechanical 
properties are summarized. Some fundamental considerations about the 
effect of microstructural refinements up to the adjustment of single-phase 
amorphous states on the corrosion reactivity of Mg-based alloys are made. 
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The current state of knowledge regarding the free corrosion and passivation 
behaviour of selected Mg-based BMGs is described, before the susceptibility 
to chloride-induced local corrosion is evaluated. Finally, the effect of 
cathodically generated hydrogen on the degradation of the amorphous structure 
is concisely discussed. 


5.2 Magnesium (Mg)-based bulk metallic glasses 
(BMGs) 


In the early 1990s Inoue and co-workers [2,7] explored the amorphous phase 
formation in binary and ternary Mg-based alloy systems by rapid solidification 
from the melt and stated the Mg-TM-RE systems (TM = transition metal, 
RE = rare earth) to be most prospective. Only these showed during heating 
a distinct glass transition 7, and a wide undercooled liquid regime AT,, 
which was regarded to be a decisive criterion for high glass-forming ability. 
Moreover, highest tensile fracture strength of 2600 MPa was predicted to 
be achievable [8]. In particular the Mg—Cu—Y system was most promising 
with Mg¢sCu.5Y,9 for which a maximum amorphous sample diameter of 
4mm was obtained by copper mould injection casting [9] and 7mm by 
high-pressure die casting [8]. The amorphous structure of Mg¢sCussY jo 
comprises a near densely packed icosahedral type of short-range order and 
an icosahedral medium-range order [10]. This particular alloy composition 
was then the starting point for many compositional modifications in order 
to further increase the glass-forming ability. 

While partial substitution of the main component Mg with other light metals 
such as Al was not successful [11], substitutions of Cu and Y appeared to 
be quite promising. Table 5.1 summarizes typical Mg-based bulk metallic 
glass compositions, maximum amorphous sample diameters, characteristic 
thermal data and some reported mechanical data. For Mg¢sCuy5Y jo, partial 
substitutions of Cu with Ag [12], Ag and Pd [13], Zn [14] or Ag and Zn and 
Ni [15] led to a gradual increase of the amorphous sample diameter to 9 mm 
achievable by Cu mould casting under Ar atmosphere. Additional partial 
substitution of Y with Gd [16] resulted in Mg,;Cu7 5Ni7 sAgsZnsY5Gds with 
14mm of maximum diameter which, remarkably, was obtained in an air 
atmosphere. The compositional modifications yielded also an improvement 
of the mechanical properties. For the Mg¢sCu7,5Ni7,5AgsZn5Y5Gds5 bulk 
metallic glass ultimate compressive fracture strength of 928 MPa was reported 
corresponding to a specific strength of ~260 MPacm?/g, which is over 20% 
higher than that of many conventional crystalline alloys. Moreover, unlike 
earlier Mg-based glasses this multi-component alloy exhibits a certain plastic 
strain. 

Furthermore, a complete substitution of the rare earth component Y with 
Gd led to Mg¢sCuy5Gd 9 with increased GFA, but no further improvement 
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of mechanical properties was observed [17]. Also for this alloy fractional 
Cu substitutions [18-20] were in part successful, resulting in an amorphous 
sample diameter of 11mm for Mg¢;sCux ,AgsGdj9 by casting in air [19]. In 
the following substitutions with other rare earths were investigated, among 
them Tb [21-23], but results have not so far been as promising as those 
obtained with Gd. 

Besides this strategy of partially substituting the components of Mg¢sCunsY 19 
with other transition metals or rare earths in order to obtain multicomponent 
alloys with increased GFA, more recent studies pursued another strategy. 
This is based on the conviction that not the deepest eutectic composition, 
e.g. Mg6sCuys5Y 19, but an off-eutectic composition close to it would reveal 
maximum GFA. Moreover, high GFA is regarded to be related to a strong 
liquid behaviour of an alloy which requires the consideration of fragility 
parameters of the glass-forming liquid. This new strategy led to a sharpening 
of glass-forming ternary and quaternary M—(Cu,Ag)—Y/Gd alloy compositions 
resulting in much larger amorphous sample diameters [24-27]. To date 
maximum reported diameters are 16mm for MgsgCurgAg7Y 1, [24] as well 
as 25mm and 27mm for Mgs4Cuy¢5Agg5Gd,, and Mgs9.5Cuo2 9Ag6.6Gd1, 
[26,27], respectively. For the latter compressive fracture strengths in the 
order of ~1000 MPa and plastic strains of ~3% are reported. 

In parallel to those alloy developments, Mg—Ni-RE systems have also 
been explored. Starting from Mg—Ni-Y glasses prepared by melt-spinning 
[7], replacements of Y with Pr [28], Gd [29,30] and Nd [30-33] were 
investigated. So far, only low GFA corresponding to sample diameters of 
only a few millimetres has been detected, e.g. 5mm for Mg7;Ni,;Gd5Nd; 
[30] or 3.5mm for Mg¢sNiogNdj5 [31]. Moreover, mechanical properties of 
those alloys are not improved compared with those of the Cu-containing 
Mg-based glasses. 

Table 5.1 also summarizes the characteristic thermal data of the Mg-based 
bulk metallic glasses. Compared with other BMG types [1-4] their glass 
transition temperatures T, are relatively low, ranging from 404K (131°C) 
[14] to 437K (164°C) [13]. This strongly limits their temperature range for 
applications, since above T, the glasses start to soften and crystallization 
sets in, as reflected by the crystallization temperature 7,. Furthermore, it 
is obvious that the undercooled liquid regime AT, = T,-T, which reaches 
values between 29K [15] and 70K [17] does not systematically vary with 
the component substitutions and the related maximum sample diameters. 
Consequently, the earlier predicted relation that a high GFA requires a 
large AT, [1] does not hold within the Mg-based systems. Meanwhile other 
important criteria have been identified [26,27,34]. 

Besides the search for suitable alloy compositions with high GFA, another 
practical challenge for the preparation of Mg-based bulk metallic glasses is 
the strict control of the casting process. Main problems during Cu mould 
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casting are losses of Mg due to evaporation in the melting regime, which 
leads to deviations of the real from the optimized nominal compositions and 
therefore, reduction of GFA. Overheating far above the principal melting 
temperature is often necessary to melt all intermetallic phases which formed 
in the pre-alloy and to obtain a homogeneous liquid phase for subsequent 
solidification of a single amorphous phase. Also, the impurity level of the 
melt, the atmosphere and the mould surface must be kept very low to avoid 
heterogeneous nucleation and primary crystallization processes. Therefore, 
Cu mould casting is typically performed in highly purified Ar atmosphere 
and with the use of highly purified starting elements. Moreover, other casting 
techniques such as high-pressure die casting [8] or squeeze casting [12] are 
applied for better control of the partial pressure of Mg and for improvements 
of the cooling conditions. 

Alternatively, first attempts following the powder metallurgical route are 
reported to prepare Mg-based bulk metallic glasses. For Mg—Cu-Y alloys, e.g. 
Mgs5Cugg Y 15 [35-39] or MgygCu36Y 15 [40], mechanical alloying of elemental 
powders by ball milling or intensive milling of melt-spun material was applied 
to obtain mainly amorphous powders with small fractions of nanocrystalline 
phases. Subsequently, those powders were consolidated by vacuum hot pressing 
[37,38,40] or spark plasma sintering [39] in the temperature region above 
the glass transition and below the onset of crystallization. The low viscous 
state of the undercooled liquid was utilized to deform the powder particles 
during hot pressing and, thus, to prepare nearly fully dense bulk samples of 
up to 20 mm diameter. Moreover, bulk glassy MggsCus Yj) samples with up to 
6mm diameter containing fine dispersions of a hexagonal close packed (hcp) 
Mg-phase were obtained by hot extrusion of gas atomized alloy powders at 
temperatures below the onset of crystallization [8,41]. Main challenges of 
these powder metallurgical routes are for example: (i) the strict control of 
the phase formation reactions during powder preparation, e.g. via milling 
intensity, milling duration, cooling rate (gas atomization) and impurity 
levels, (ii) the determination of suitable temperature-time windows for hot 
consolidation without the initiation of crystallization, and (iii) the avoidance 
of powder oxidation during the whole process. Therefore, for Mg-based bulk 
metallic glasses these techniques are so far only rarely applied compared 
with casting techniques. 


5.3 Effect of micro-structural refinement on the 
corrosion of magnesium (Mg)-based alloys 

The limited corrosion resistance of commercial Mg and microcrystalline Mg- 

based alloys origins from the high reactivity of Mg, which is only in alkaline 


media inhibited by the formation of protective hydroxide layers, and from the 
existence of impurities and second phases, which act as local cathodes and, 
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thus, cause galvanic corrosion processes [42-44]. The application of non- 
equilibrium preparation techniques such as melt- or splat-quenching, sputter 
deposition, laser melting and ball milling is expected to lead to improved 
corrosion properties. This can be due to (1) the production of finer and more 
homogeneous microstructures, (ii) the reduction of detrimental effects of 
impurities and precipitates by extension of solid solubility ranges, (iii) the 
possible formation of new corrosion-resistant phases, and (iv) the formation 
of homogeneous glassy oxide films [45-47]. 

High-energy ball milling of Mg powders was applied to reduce the grain 
size to several tens of nanometres and in consequence, an improvement of the 
corrosion resistance of Mg was observed in alkaline solutions [48]. This was 
attributed to the high defect density and large fraction of grain boundaries 
in milled Mg powders, which increases the number of nucleation sites for 
Mg hydroxide Mg(OH), formation. The effect of rapid quenching of binary 
Mg-based alloys on the behaviour in alkaline buffer solutions with up to 3.5% 
NaCl was studied and only Al was found to be beneficial for improving the 
corrosion resistance, while Ca, Li, Si and Zn were detrimental [45]. Rapidly 
quenched Mg-—Al alloys form the same o-Mg and B-Al;2Mg,7 phases like 
slowly cooled materials, but a significant amount of Al is dissolved in Mg 
forming supersaturated solid solutions, which reduces the fraction of the fine- 
dispersed second phase [49]. With sputter deposition complete solid solutions 
of Mg-4AI-4Zr and Mg-3AI-15Zr with nanometre grain sizes were obtained, 
which showed increased corrosion resistance in 3.5% NaCl solution when 
compared with their Zr-free counterparts [50]. Also for sputter-deposited 
nanocrystalline/amorphous Mg—Y films improved corrosion behaviour in 
chloride electrolytes was detected compared with Mg and commercial Mg- 
based alloys as long as Y was in solid solution. Participation of Y in the 
formation of homogeneous passive films and significant changes in the film 
morphology were identified as decisive factors [51-53]. Rapidly quenched 
Mg-Y and Mg-—Nd alloys with refined two-phase microstructures and increased 
solubility of the rare earths in the Mg phase exhibited enhanced passivation 
ability in 0.01 M NaCl solution in terms of pseudo-passive potential regions 
which did not occur for the coarse-grained cast material [54]. The passive 
films formed during anodization of ribbons were found to comprise, in 
addition to Mg(OH)),, fractions of Y,O3 [55]. 

These principal considerations and research examples for materials processed 
under non-equilibrium conditions point out that, ideally, highly corrosion- 
resistant Mg-based alloys must be complete solid solutions, but should at the 
same time comprise passivating alloying elements in sufficient concentrations. 
Theoretically, fully glassy or amorphous alloys can to a certain degree meet 
those requirements [5,56—-58]. Their ideally single-phase and defect-free nature 
is expected to enable the growth of laterally very homogeneous passive layers 
and to minimize the number of higher energetic, electrochemically active 
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surface sites which can induce local corrosion processes. On the other hand, 
the glassy state is metastable, which can give rise to enhanced reactivity due 
to the lower activation barrier for charge-transfer processes than that needed 
for equilibrium crystalline states. In addition, in particular for bulk metallic 
glasses the kind and concentration of constituents are strictly defined by 
the GFA (see previous section), i.e. cannot be easily modified to improve 
corrosion properties. Those opposing structural, thermodynamic and chemical 
effects act superimposed on the corrosion activity of glassy alloys and thus, 
can hardly be analysed separately. Altogether, one cannot per se predict a 
high corrosion resistance for metallic glasses, particularly for those with a 
highly reactive main constituent such as Mg. 


5.4 General corrosion and passivation behaviour of 
magnesium (Mg)-based bulk metallic glasses 
(BMGs) 


Following the developments in alloy design (section 5.2), for selected Mg- 
based BMGs the corrosion behaviour in electrolytes with different pH values 
was fundamentally assessed. Due to their unique compositions which strongly 
deviate from those of conventional Mg-based alloys, a new quality of the 
corrosion stability under open circuit conditions and of the anodic passivation 
ability is attained in particular in near-neutral solutions. 

Figure 5.1 summarizes typical potentiodynamic polarization curves for three 
prominent Mg-based BMGs of the Mg—Cu—Y-based system in comparison 
with Mg and AZ31, which were recorded in a limited potential range close to 
the corrosion potential E,,,, in borate buffer solution with pH = 8.4 [59-61]. 
For Mg and AZ31 corrosion potentials are very negative and corrosion 
current densities i,,,, are rather high, indicating their strongly reactive state. 
Meanwhile, for all Mg-based glassy alloys corrosion potentials are at least 
1000mV more positive and corrosion current densities are reduced by two 
orders of magnitude. This comparatively low corrosion reactivity is mainly 
explained by the effect of the alloying elements of the metallic glasses, rather 
than by their particular amorphous structure. While the rare earth elements 
with standard electrode potentials of -2290mV (Gd/Gd**) and -2370mV 
(Y/Y**) are similarly reactive like Mg (-2370mV for Mg/Mg”*) [62], the 
presence of the noble elements Cu and Ag, but also of Ni and Zn, leads to 
this significant improvement of the corrosion stability. 

For Mg¢5Cu.sY 19 the comparison between amorphous and crystalline 
counterpart states is also demonstrated [59]. The corrosion activity of the 
crystalline alloy is slightly increased. A similar trend was also detected for 
Mg65Cu,sGd,9 under comparable electrolyte conditions [63]. These small 
differences cannot be attributed only to the particularities of the atomic 
ordering states and grain boundary effects, but are mostly related with the 
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5.1 Potentiodynamic polarization curves close to E,o,, of Mg-based 
bulk metallic glasses in comparison to Mg and AZ31 recorded in 
0.3M H3BO3/Na,B,07 buffer solution with pH=8.4 (scan-rate 0.5 mV/s) 
(adapted from [61]). 


degree of chemical homogeneity of the two alloy states. While the rapidly 
quenched states are single-phase amorphous typically with some few rare 
earth oxide inclusions, the pre-alloyed or annealed crystalline states comprise 
various coexisting phases of very different compositions [59]. Galvanic 
coupling between those crystalline phases must be considered as a decisive 
reason for the observed enhanced corrosion activity. 

However, with increasing pH of the electrolyte, differences in the 
corrosion reactivity of glassy and various kinds of crystalline Mg-based 
alloys increasingly diminish due to the reduced reactivity of the main alloying 
component Mg which is spontaneously passive in alkaline media. Thus, at 
pH=213 very low corrosion rates are generally noticed [59,61,64,65]. 

Furthermore, the analysis of the anodic passivation ability of Mg- 
based glasses was in the focus of various studies. Figure 5.2 shows cyclic 
potentiodynamic polarization curves for the glassy Mg¢sCuysY 19 alloy and 
its crystalline counterpart in comparison to Mg and AZ31 recorded in borate 
buffer solution with pH = 8.4 [59,61]. In the case of Mg and AZ31, starting 
from very negative corrosion potentials during anodization a pronounced 
active state and an active/passive transition followed by a pseudo-passive 
region with a relatively high current density level of ~2.5 mA/cm? occur. 
During reverse potential scanning a similar behaviour is observed. This 
indicates the formation of highly permeable Mg hydroxide surface films with 
low stability providing very limited protection against general corrosion. 
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5.2 Cyclic potentiodynamic polarization curves for the MgggCuzsY 19 
bulk metallic glass in comparison to its crystalline counterpart and 
Mg and AZ31 recorded in 0.3M H3BO3/Na,B,0, buffer solution with 
pH=8.4 (scan-rate 5mV/s) (adapted from [59]). 


However, the amorphous Mg¢5Y ,yCuy; alloy and its crystalline counterpart 
exhibit very different anodic behaviour. The polarization curve of the crystalline 
alloy sample reveals a characteristic double peak (I,I]) in the potential range 
of -500 mV to OmV vs. SCE with corresponding peaks (II,IV) in the reverse 
scan. These characteristic peaks are mainly due to oxidation of Cu(0) to 
Cu(I), i.e. Cu,O, and further oxidation of Cu(1) to Cu(ID, i.e. CuO, and 
the corresponding reverse reactions. Peak IV must also be attributed to the 
reduction of oxygen dissolved in the electrolyte. As derived from Pourbaix 
diagrams [62], during the anodic polarization the stability ranges of magnesium 
hydroxide and yttrium hydroxide are attained. Current densities in the passive 
region of the multiphase crystalline alloy are ~300 uA/cm? and thus, one order 
of magnitude lower than those measured for Mg and AZ31, which indicates 
a remarkable improvement of the protective properties of the surface layers. 
Further reduction of the anodic reactivity is achieved when establishing an 
amorphous alloy state. Its polarization curve shows the same characteristic 
features as observed for the multiphase crystalline alloy. However, the 
surface oxidation peaks are less pronounced and the current densities in the 
passive region were found to be only ~50 tA/cm?. This remarkably improved 
passivity is attributed to a higher lateral homogeneity of the surface layers 
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which grow on the nearly single-phase amorphous alloy compared with those 
which grow unevenly on the heterogeneous crystalline material. Additional 
potentiostatic anodic polarization tests combined with surface analytical 
studies confirmed that in weakly alkaline solutions all components of the 
Mos Y 10Cuys alloy participate in the formation of passive films [59]. Figure 
5.3 shows Auger electron spectroscopy (AES) atomic concentration depth 
profiles of passivated surfaces of an amorphous Mg¢5Y ;pCuzs sample (a) and 
of a crystalline counterpart sample (b). For both the distribution of O, Mg, 
Cu, Y and B species in the layer region is in principle similar, indicating 
comparable in-depth compositions of the passive layers. But from comparison 
of the oxygen profiles it can be concluded that on the crystalline sample 
much thicker and more heterogeneous layers grow. A higher porosity and, 
therefore, permeability of these layers could explain the detected higher 
passive current densities. 

Partial substitution of Cu by Ag to obtain bulk glassy Mg¢sCu,5AgjoY 19 
only slightly modifies the anodic passivation ability at pH = 8.4. The presence 
of oxidized Ag species in the passive layer was analytically confirmed [66]. 
Based on these findings, the role of the components in the passive layer 
growth on the glassy Mg¢;Cu7.5Ni7.;Ags5ZnsY5Gds alloy was discussed. Due 
to its multicomponent nature with alloying elements in minor fractions, an 
analysis of passivated alloy surfaces is extremely difficult. Theoretically [62] 
it can be predicted that at pH = 8.4 and at anodic potentials all elements, 
i.e. also Ni, Zn and Gd, can form stable oxides. Thus, participation of all 
alloying elements in the passive layer formation is assumed. This would 
explain the further reduced anodic passive current density level of ~20 UA/ 
cm?, compared with that of the ternary or quaternary glassy alloys [61]. 

As for conventional crystalline alloys uniform corrosion rates and anodic 
passivity of glassy Mg-based alloys are strongly dependent on electrolyte 
parameters, e.g. the pH value and the kind and concentration of anions. These 
factors are especially critical in neutral and acidic regimes. 

Detailed studies on the glassy Mg¢sCu,5AgjgY jo alloy including partial 
comparison with the glassy Mg6sCuys Y 19 [67] and Mg¢sCu7.5Ni7 sAgsZns Y5Gd; 
[61] alloys revealed, that with gradual decrease of the pH value of the 
borate electrolyte from pH = 8.4 to pH = 5 an increase of the corrosion 
current density and therefore, a detectable enhancement of the corrosion rate 
occurs. The i,,,, values for the quaternary and the multicomponent alloys 
were generally lower than those of the ternary alloy. However, compared 
with Mg and AZ31 the reactivity level of these glassy alloys is strongly 
reduced in neutral and weakly acidic solutions [61]. Moreover, while for the 
conventional materials a stable anodic passive state is usually hardly attainable 
in these environments, this was instantaneously established for the quaternary 
glassy alloy up to pH26, though with reduced protective effect [60,67]. The 
passive layers which anodically form on the amorphous Mg¢sCu,sAgi9Y 10 
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5.3 Auger electron spectroscopy (AES) depth profiles of MggsCuzsY 19 
sample surfaces recorded after potentiostatic polarization tests in 
0.3MH3BO3/Na,B,0,7 buffer solution with pH=8.4: (a) amorphous alloy 
state; (b) crystalline alloy state [59]. 
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alloy surface at pH = 6—7 consist mainly of Y and Mg oxide species in the 
outermost regions. At the interface between the passive layer and the bulk 
alloy slight enrichment of Ag-oxide species is noticed. This is in contrast to 
compositions of passive layers formed at pH = 8.4, where Cu oxide species 
were mainly detected in the outermost regions, followed by Y and Ag oxide 
species in an intermediate region and Mg oxide species at the interfacial 
region. This pH dependence of passive layer compositions is attributed to 
the higher solubility of the Cu and Ag species at pH = 6-7. In comparison, 
the glassy Mg6sCu75Ni7;AgsZns5Y5Gds; alloy exhibits stable passivity in 
borate solutions only at pH = 8.4 and pH = 7, while at pH <6 anodic alloy 
dissolution dominates [61]. A reason for this relative destabilization of the 
multi-component alloy can be the partial replacement of Ag with Zn (Zn 
becomes quite reactive in the presence of noble elements) and possibly also 
the substitution of Cu with the less noble Ni. 

In addition to this pH value effect the kind of anions in solution plays a 
decisive role. For the amorphous Mg¢sCu,5AgjoY jo alloy it was demonstrated 
that, although at pH = 7 in borate solution a stable anodic passive state is 
easily established, severe alloy dissolution occurs in electrolytes containing 
phthalate or sulphate ions [67]. This must be considered as an expression of 
the weakness of the ability of the glassy alloys to passivate in neutral and 
weakly acidic environments. 

Various studies have been devoted to the analysis of the anodic passivation 
behaviour of Mg-based metallic glasses in strong alkaline environments. 
Under those conditions the main alloying element Mg is spontaneously 
passive forming a dense and stable hydroxide layer. This is also determining 
for the behaviour of Mg-based glasses [59,61,64,66]. 

Figure 5.4 shows cyclic potentiodynamic polarization curves for Mg, glassy 
Mgo65Cuys Y 19 and glassy and crystalline Mg¢sCu,5Agj9Y jg recorded in sodium 
hydroxide solution with pH = 13. Both glassy alloys exhibit Mg-like anodic 
behaviour with a wide stable passive range; only the oxygen evolution reaction 
at high anodic potentials occurs less inhibited. Their anodic passive current 
densities are in the order of <6 A/cm? and, thus, lower than those for Mg 
with 216pA/cm? [59,64,66], which may be indicative for the participation 
of other alloying components in the passive film formation. Under similar 
polarization conditions, for the glassy Mg,¢sCu,.5Ni, sAgsZnsY5Gds alloy 
slightly enhanced passive current densities of ~12 UA/cm? and a more limited 
passive potential range were detected [61]. 

Surface analyses by means of AES depth profiling of glassy ternary and 
quaternary alloy samples which were anodically passivated in an electrolyte 
with pH = 13 confirmed that passive layers are very thin and dense and are 
mainly composed of Mg hydroxide, while Y (and Ag) oxide species were 
identified at the inner metal-near region and Cu species were not found 
to be incorporated in the layer [59,66]. Comparative X-ray photoelectron 
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5.4 Cyclic potentiodynamic polarization curves for the MgggCuzsY 19 
bulk metallic glass, the MggsCuysAgi9Y19 bulk metallic glass and its 
crystalline counterpart and for Mg recorded in 0.1M NaOH solution 
with pH=13 (scan-rate 5mV/s) (adapted from [66)). 


spectroscopy (XPS) studies on glassy Mg¢sCuys Y jg and Mg6sNix)Nd 15 samples 
which were passivated in a sodium chloride solution with pH=12 revealed 
similar surface layer compositions, i.e. a dominance of Mg oxides/hydroxides, 
an enrichment of Y or Nd oxides in the inner regions and a depletion of Cu 
or Ni oxides throughout the whole layer [68]. However, in a very detailed 
approach it was also demonstrated for passivated glassy Mg—Cu(—Ag)-Y 
and Mg—Ni-Y alloys that surface analytical methods comprising a sputter 
depth profiling have to be considered critically, since quantification of the 
results is impeded by preferential sputtering of Mg [69]. 

Furthermore, from Fig. 5.4 it is obvious that in a strong alkaline environment 
the polarization behaviour of a crystalline alloy, e.g. Mg¢sCu,sAg19Y jo, 
is significantly different from that of its amorphous counterpart which 
demonstrates the beneficial effect of the single-phase state. Enhanced reactivity 
of the crystalline alloy is obvious from the occurrence of pronounced Cu 
oxidation peaks (I and II) and Ag oxidation peaks (III and IV) along with 
their reduction counterparts in the reverse scan as well as from lower 
overpotentials for cathodic hydrogen and anodic oxygen evolution reactions 
[66]. This has been similarly observed for the crystalline and amorphous 
Mg6sCursY jo [59,64] and Mg¢sCur5Gd 19 [63] alloys. The increased anodic 
reactivity of the crystalline counterpart alloys must be mainly attributed to 
their heterogeneous nature. While the single-phase amorphous alloys enable 
a laterally homogeneous passive layer growth under dominance of Mg 
oxidation, the crystalline counterpart alloys consist of various intermetallic 
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phases of very different composition. This causes a local enrichment of 
alloying components, e.g. Cu or Ag, which in consequence leads to a 
higher local reaction rate. Galvanic coupling between adjacent phases and 
facilitated diffusion of constituent atoms along grain boundaries may also 
be supporting effects. However, it is very difficult to identify those local 
reaction processes by means of surface analytical methods due to the very 
fine-grained microstructure of the crystalline states [59]. 

Selected investigations have been conducted on the stability of glassy 
Meg6sCursY 19 MgsgNiz0Y29 and Mge3NizoY7 alloys in extreme alkaline 
solutions, i.e. 6M KOH with pH214 [65]. While these alloys exhibit the 
lowest corrosion rate and the best passivation ability in electrolytes with 
pH = 13 (due to the high thermodynamic stability of Mg and Y hydroxides/ 
oxides), at pH214 gradual oxidation and dissolution of Cu or Ni from 
surface-near regions governs the initial anodic polarization behaviour before 
at more positive potentials a stable passive state is attained. The dissolution 
of Ni from Mg—Ni-Y alloys is much more inhibited than that of Cu from 
Mg-Cu-Y due to the lower tendency of Ni to form soluble oxidized ions and 
to the effect of higher fractions of Y in the alloy in supporting a more rapid 
stable passive film growth. Cathodic hydrogen charging leads to enrichment 
of Ni or Cu species at the alloy surface. This gives rise to preferential 
oxidation and dissolution processes during the subsequent exposure under 
free corrosion and anodic polarization conditions. Chemical pre-treatments 
with HF solutions or YCI,/H,O, mixtures can significantly alter the surface 
reactivity in extreme alkaline environments [70]. 


5.5 Chloride-induced local corrosion behaviour of 
magnesium (Mg)-based metallic glasses 


Of particular importance for the evaluation of the corrosion stability of glassy 
Mg-based alloys is the analysis of their behaviour in chloride-containing 
media. The occurrence of local corrosion phenomena is expected to be in 
strong relation with the defect density of the glassy samples, which depends 
on the glass-forming ability of the alloy and on the preparation conditions 
(see Section 5.2). Therefore, the dimensions and micro-structural states of 
the samples play a very decisive role. 

The first studies were performed on Mg—Ni-Nd alloys [71-73]. Due to their 
low GFA, only samples of thin melt-spun ribbons or small tips of wedge- 
shaped cast bodies samples have been investigated. Those were exposed 
to 3-3.5% NaCl solutions saturated with Mg(OH), and the corrosion rate 
was evaluated in terms of the hydrogen evolution rate. This way, for glassy 
Mge6NizoNdi4, Mgos.3Nii7.sNdi4.2 and Mg69.gNijs.7Ndj45 alloys corrosion 
rates which were three or four times lower than for Mg and AZ91E were 
determined [71]. The lowest corrosion rate was detected for Mg¢sNiogNdj5 
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(with the highest GFA in the Mg—Ni—Nd system [31]) and was attributed to 
the elimination of micro-galvanic reactions which typically occurred between 
Mg-rich matrix and Ni-rich particles in not fully amorphous samples [72]. For 
annealed Mg—Ni—Nd samples with fully crystalline microstructure strongly 
enhanced corrosion rates were noticed [71,73]. Furthermore as shown in 
Fig. 5.5, anodic polarization studies performed on glassy MggsNio9Ndj5 
and Mg¢sCuys5Y 19 ribbon samples in 0.01 M NaCl with pH = 12 revealed in 
comparison with Mgg.Ni;g and Mg79Cu,, samples a higher passivation ability 
and lower pitting susceptibility [68,74,75]. By means of XPS analysis this 
was attributed to the beneficial presence of the rare earth oxides Nd,O; and 
Y,O3 in the passive films besides the dominating Mg hydroxide Mg(OH)». 
Hydroxidation of the rare earth oxides led to passivity breakdown. 

Cast bulk samples with 1mm thickness of the glassy Mg¢sCuysGdj 
alloy and its crystalline counterpart exhibited during anodic polarization 
in 0.02M NaCl solution with pH = 11 (adjusted with NaOH) severe active 
dissolution at high current densities [63]. A somewhat lower dissolution 
rate of amorphous samples was attributed to the absence of heterogeneities. 
More uniform morphologies of the corroded amorphous sample surfaces 
were observed comprising voluminous corrosion products composed of Mg 
oxide and Cu oxides and a large number of small cracks. Film breakdown 
occurred randomly with a uniform distribution of pits. Also in neutral 0.01 M 
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5.5 Potentiodynamic polarization curves of melt-spun ternary 
MggsNizgNdis and MggsCuzsY19 and binary MggoNiig and Mg7 Cup, 
alloys and Mg recorded in 0.01M NaCl solution (pH=12) (scan-rate 
1mV/s) [68]. 
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NaCl solution a low corrosion resistance of bulk glassy Mg¢sCusGdj9 was 
observed and explained with the formation of more porous and less compact 
passive films than in chloride-free environments [76]. Partial substitution of 
Cu with Zn was found to result in a significant improvement of the corrosion 
resistance in 5% NaCl solution under open circuit conditions [77]. Moreover, 
partial replacement of Cu by Ni, e.g. Mg¢sCuz9NisGdjo, led to an increase of 
the GFA and was quite effective in reducing the mass loss during exposure 
in 1% NaCl for 168h [78]. 

For bulk glassy Mg¢sCu7.;Ni7 sAgsZnsGdsY; alloy samples with 3mm 
diameter systematic polarization studies were conducted in 0.0001 and 0.001 M 
NaCl solutions with pH values varying between pH = 6 and pH = 9 and 
corroded sample surfaces were examined with scanning electron microscopy 
(SEM) in order to understand local corrosion phenomena [61]. Figure 5.6 
shows that in all test solutions an anodic passive layer breakdown occurred, 
corresponding to a sharp increase of the current density. In the backward 
potential scan the current density level remained high in all cases indicating 
that there was no significant re-passivation of the glassy alloy surface, but 
rather continuous corrosion. As a measure for the local corrosion resistance 
the difference between the passivity breakdown potential and the corrosion 
potential AE = (Ejyeakdown—Ecorr) Was determined. Obviously the pH value 
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5.6 Potentiodynamic polarization curves with reverse scans of 

the bulk metallic glass MggsCu7 5Ni75,AgsZngGdsYz alloy backward 
recorded in NaCl solutions with different pH values (pH value: 
chloride concentration (M)) (scan-rate 0.5 mV/s) (adapted from [61)). 
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of the electrolyte, which determined the quality of the growing passive 
layers, was most decisive for the local corrosion resistance. A high chloride 
sensitivity was given at pH = 6 and pH =7 and it was slightly reduced at 
pH = 8, while a high resistance was noticed at pH = 9, where the breakdown 
occurred only in the potential range of beginning oxygen evolution. Moreover, 
a direct comparison of the bulk glassy Mg¢sCu7.sNi7.5sAgsZnsGdsY5 alloy 
with the conventional AZ31 alloy revealed significant differences [61]. 
AZ31 established in a 0.0001 M NaCl solution with pH = 7 a very negative 
corrosion potential E,,,,~ —1500 mV and showed during anodization an active 
dissolution behaviour and only low hysteresis during backward scanning. In 
contrast, the corrosion potential of the glassy alloy was much more positive, 
Le. Eo4~ —100mV and with initial anodic polarization a passive state was 
attained before a sudden breakdown occurred. During backward scanning 
the current density level remained high and dropped only at rather negative 
potentials of Eathodicy —750mV, indicating a high reactivity of the glassy 
alloy even under cathodic conditions. 

Filiform corrosion was identified as the dominating corrosion mode on 
the glassy MggsCu7.5Ni7,5sAgsZnsGdsYs5 alloy sample surfaces in chloride- 
containing near-neutral media [61]. Figure 5.7 shows an SEM image of a typical 
corroded area. Starting from single pits filaments formed and propagated on 
the alloy surface. At pH = 9 they appeared to be more convoluted and thicker 
than those formed at lower pH values. Filaments were mainly enriched in Mg 
and O species indicating Mg(OH), formation. Filiform corrosion was earlier 


5.7 SEM image of a corroded surface of a bulk glassy 
MggsCu75Ni75AgsZnsGdsY; alloy sample after anodic polarization in a 
0.0001M NaCl solution with pH=9 pitting and filiform corrosion. 
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described for conventional Mg-based alloys, e.g. AZ31 and AZ91 [79]. For 
those the morphology and propagation direction of filaments was found to 
be determined by the alloy microstructure and crystallographic orientation 
of the grains. In contrast, on a nearly single-phase glassy alloy surface, the 
filaments propagated quite randomly. Several Y-rich dendrite inclusions 
were present in the cast bulk glassy sample, but those were obviously not 
involved in the corrosion process. This suggests that other heterogeneities 
or defects of the bulk glassy alloy surface, which are not yet identified are 
responsible for the initiation of the observed chloride-induced corrosion 
phenomena. 

In summary, these first reported studies already clearly indicate that the 
corrosion stability of Mg-based metallic glassy alloys is generally low in 
chloride-containing aqueous solutions. Further significant modifications in 
alloy design and optimization of preparation conditions will be necessary 
to overcome this critical problem. 


5.6 Effect of hydrogen on the stability of 
magnesium (Mg)-based glassy alloys 


Mg-based alloys with amorphous and/or nanocrystalline microstructures exhibit 
a high capacity to absorb hydrogen even at room temperature. Therefore, the 
stability of their microstructural state under cathodic polarization conditions, 
which are dominated by the hydrogen evolution reactions, is of critical 
importance. 

First studies on melt-spun single-phase amorphous Mg—Ni-La alloys 
with up to 25 at.% La [80,81] revealed a maximum hydrogen uptake of 2.4 
wt% during galvanostatic cathodic charging. This was related to gradual 
alloy decomposition into La hydrides and various intermetallic phases. The 
thermal crystallization behaviour of those alloys is strongly affected by the 
presence of hydrogen [82]. 

Also melt-spun Mg¢sCuys Y jg ribbon samples exhibited during galvanostatic 
cathodic polarization at —1 or -10mA/cm? in 0.1M NaOH solution a high 
tendency to transfer from a single-phase amorphous state into a very fine 
nanocrystalline state under hydrogen uptake of up to 3.5 wt% [83]. Obviously, 
small absorbed hydrogen atoms can easily induce rearrangement processes 
in the short-range ordered amorphous structure of Mg¢sCuysY jo leading 
to nanocrystallization. Mg—Cu-based compounds are generally known to 
disproportionate under the influence of hydrogen, e.g. Mg,Cu decomposes 
into MgH, and MgCu, [84]. For amorphous Mg—Cu-based alloys those 
disproportion reactions are particularly eased due to the higher hydrogen 
diffusivity [83]. 

Mg-Ni-based compounds exhibit typically a much lower tendency to 
disproportionate under influence of hydrogen [85]. This may principally 
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explain the higher stability of amorphous Mg—Ni-Y alloys, which mostly 
maintained their as-quenched microstructure during cathodic polarization 
[86-89]. The hydrogen uptake during electrolytic charging was found to 
strongly depend on the microstructure and on the composition of an alloy. 
Fully amorphous Mg—Ni-Y samples showed in comparison to partially 
or fully crystallized samples higher initial hydriding kinetics and a strong 
dependence of the absorbed hydrogen concentration from the applied cathodic 
current density. This is mainly explained by the fact that in the short-range 
ordered amorphous structures there are interstitial sites with broad energy 
distribution, which are successively filled with hydrogen atoms [90]. As a 
result of those studies it was proposed to use amorphous/nanocrystalline 
Mg-Ni-Y alloys for electrochemical hydrogen storage in Ni/metal hydride 
batteries. Electrodes made from mechanically milled Mg—Ni-Y alloys, e.g. 
M6 ,Niz0 Yo, exhibited very high maximum discharge capacities, but suffered 
from low cycling stability mainly due to progressing corrosion [91]. During 
cathodic charging in extreme alkaline environment a change of the surface 
chemistry occurred, i.e. an enrichment of metallic Ni-rich species whereby 
Mg and Y transformed to their hydroxides and oxides. During subsequent 
anodic discharging Ni-rich species oxidized and were dissolved from the 
alloy surface [65]. 

Altogether, under cathodic polarization conditions, which are related to 
the generation of hydrogen, a de-stabilization of Mg-based glassy alloys 
must be generally considered. This is particularly the case for Cu-containing 
alloys due to favoured disproportion reactions, but may be also critical for 
Ni-containing alloys in extreme alkaline solutions. Therefore, for example 
galvanic coupling with less noble materials, e.g. conventional Mg alloys, must 
be avoided. Nevertheless, more studies are necessary to analyze the effect 
of hydrogen on particular amorphous Mg-based alloys in more detail. 


5.7 Future trends 


Corrosion studies on selected Mg-based bulk metallic glasses have shown 
that indeed, owing to their unusual alloy compositions and unique single- 
phase nature based on a short-range ordered amorphous structure, lower 
corrosion rates and an improved passivation ability in particular in near- 
neutral media are attained. On the other hand, their high susceptibility to 
chloride-induced corrosion processes and their strong tendency for hydrogen 
absorption under cathodic polarization conditions and the related possible 
de-stabilization of the amorphous structural state are critical aspects. More 
detailed studies will be necessary to reach a deeper understanding of these 
degradation phenomena and to clarify the role of each constituent element 
and of the particular microstructural state. 

There is also a need for a more systematic approach in the corrosion studies. 
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So far various research groups have investigated Mg-based metallic glass 
corrosion, but each used samples with only one to three specific compositions 
and different qualities of their structural state, depending on the preparation 
conditions, and those samples were tested in one or two specific electrolytes. 
This makes a general comparison of the corrosion performance of the Mg- 
based glassy alloys at present very difficult. In this context, it is not clear, 
yet, to what degree results of frequently performed corrosion studies on very 
thin melt-spun ribbon samples are transferable and relevant for the behaviour 
of cast bulk samples, which are most interesting for engineering applications. 
It must be considered that differences between the structural relaxation states 
(related with the degree of free volume), the defect densities (e.g. crystalline 
inclusions) as well as the degree of chemical fluctuations in rapidly quenched 
and slowly cooled samples may lead to non-neglectable deviations in their 
electrochemical behaviour. Those questions will have to be clarified before 
also more complex, not yet considered, corrosion phenomena can be reliably 
studied, e.g. the effect of temperature on the passivity or aspects of stress- 
corrosion cracking. 

Based on the corrosion studies on Mg-based metallic glasses done so 
far it must be predicted that a high long-term stability under environmental 
conditions, which is indispensable for various anticipated applications as 
new engineering materials, is not available for the presently known alloy 
compositions. Further alloy developments considering constituent elements 
in sufficient concentrations which lead to improved corrosion performance 
are necessary. This will have to be balanced with the need to further increase 
the glass-forming ability of the alloys in order to achieve a higher resistance 
against crystallization during cooling from the melt and to further increase 
the sample dimensions. 

However, presently the main focus in Mg-based bulk metallic glass 
research is directed towards the achievement of maximum sample thickness 
in combination with excellent mechanical performance. Therefore, so- 
called glass matrix composites are under development, which combine a 
high-strength bulk glassy Mg-based matrix with finely-dispersed second 
phase particles resulting in further strengthening or increase of ductility. 
Those composites can be achieved in situ by additional alloying elements 
triggering phase separation or nanocrystal precipitation under suitable 
casting conditions, e.g. Nb [92], Be [93,94], Ag [94], Zn [95], Ti [96] or 
Li [97]. They can also be prepared ex situ, e.g. by mixing and hot pressing 
of Mg-based bulk metallic glass powder with fine oxide particles, e.g. 
ZrO, [98] or YxO3 [99,100]. In any case, with respect to the achievement 
of high corrosion resistance, these Mg-based glass matrix composites will 
be extremely challenging. 
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Corrosion of innovative magnesium (Mg) 
alloys 


P. B. SRINIVASAN, C. BLAWERT, D. HOCHE, 
GKSS-Helmholtz-Zentrum Geesthacht, Germany 


Abstract: This chapter deals with the corrosion performance of innovative 
or unconventional magnesium (Mg) alloys. It considers, on the one hand, all 
Mg alloys that have an unusual microstructure and/or composition mostly 

as a result of extreme processing conditions and, on the other hand, the 
innovative concepts that are used to improve the corrosion performance of 
conventional alloys. The available literature is reviewed and the specific 
influences of the microstructure and/or composition on corrosion behaviour 
is discussed and general possibilities to improve corrosion resistance of these 
alloys are highlighted. 


Key words: recycling alloys, amorphous alloys, alloy coatings, laser 
surfacing, laser alloying. 


6.1 Recycled alloys 


Recycled alloys are more or less standard alloys and neither the alloying 
elements nor the processing is innovative. Innovation lies only in the domain 
of alloy design, seeking for corrosion resistance without following the concept 
of high-purity alloys. Magnesium (Mg) secondary alloys are of common 
interest because their production process requires less energy compared to 
the primary magnesium production, thus helping to reduce the CO, emission 
further (Ditze and Scharf, 2004; Ehrenberger et al., 2008). In spite of this, 
no post-consumer scrap is used for recycling of magnesium and furthermore 
no defined secondary Mg alloys comparable to aluminium secondary alloys 
such as A380 are available. The main reason for this is the possible uptake 
of heavy metal impurities during the recycling process with extremely 
detrimental effects on the corrosion resistance (Ditze and Scharf, 2008). This 
problem has to be solved and a recycling system including secondary alloys 
must be developed to promote the general use of Mg alloys. 

However, the development of secondary Mg alloys requires a completely 
different concept compared with standard alloys, which obtain their corrosion 
resistance by reducing the levels of impurities below certain alloy-specific 
and process-dependent limits. Although control of impurities is technically 
possible, this would make the secondary alloys too expensive. A cheaper 
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solution is the modification of the microstructures of the secondary alloys 
to make them more tolerant against impurities without too many negative 
effects on the corrosion and mechanical properties. It is this concept of 
fewer reduced impurities that is innovative. The resulting alloys are not 
much different from standard alloys and can be processed with all standard 
industrial processes and equipment. 

So far two different approaches for modifying the microstructure have 
been followed. The first quite simple approach, which works for cast alloys 
with higher Al contents, e.g. AZ91 and the related secondary alloy AZC1231, 
is to improve the barrier function of the ®-phase (Mg,7Al,2), forming a 
dense corrosion barrier along the grain boundaries. However, if ductility is 
required, the Al content should be restricted to a maximum of about 5% and 
thus the previously protecting B-phase network is present only in the form 
of isolated localised precipitates with detrimental effects on the corrosion 
resistance. Therefore, the second approach suitable for wrought alloys, e.g. 
AMS0 and the related secondary alloy AZC531, uses a new concept trying to 
replace the 8-phase by t-phase (which is able to incorporate more impurities 
while being less detrimental to the matrix from the corrosion point of view). 
The chemical compositions of the standard, contaminated standard and the 
secondary alloys are given in Table 6.1. 

Several different corrosion tests revealed that the secondary alloy AZC1231 
tolerates up to 1% copper and 40 ppm Ni under various casting conditions 
(gravity die-casting, semi-solid processing as well as high-pressure die-casting) 
having corrosion rates still comparable to the standard alloy AZ91D (Ditze 
et al., 2005, 2006; Scharf et al., 2005, 2007; Blawert et al., 2006, 2008). 
The salt spray performance of the alloys is presented as an example in Table 
6.2. For comparison, the performance of the standard alloys contaminated 
with the same amount of copper as in the secondary alloys is also given. The 
correlation of microstructure with corrosion rate suggests that for this alloy 
different mechanisms are responsible for improving the impurity tolerance 
limits (Fig. 6.1). The secondary alloy forms the intended 8-phase network 
around the grains. A grain refinement caused by the increase of Al, Zn and 
Mn makes it easier to form a dense network, improving the barrier properties. 


Table 6.1 Chemical composition of the standard, contaminated standard and 
secondary alloys (wt%) 


Alloy Al Zn Mn Si Cu 
AZ91D 8.75 0.67 0.2 0.054 0.008 
AZC911 7.79 0.74 0.23 0.13 0.5 
AZC1231 11.7 3.04 0.48 0.39 0.47 
AM50 4.9 0.02 0.26 0.026 0.008 
AMC501 4.84 0.023 0.26 0.028 0.5 


AZC531 5.1 3.06 0.27 0.027 0.49 


© Woodhead Publishing Limited, 2011 


236 Corrosion of magnesium alloys 


Table 6.2 Corrosion rates of the standard and modified 
alloys after 48h of salt spray as per ASTM B117 


Alloy Corrosion rate (mm/year) 
AZ91D 1.07 + 0.23 
AZC911 8.53 + 0.06 
AZC1231 0.99 + 0.58 
AM50 0.71 + 0.20 
AMC501 8.99 + 0.48 
AZC531 1.11 + 0.03 


6.1 Microstructural features improving the corrosion resistance of an 
AZC1231 alloy: 1, barrier function of &-phase; 2, AlgMng precipitates 
embedding Fe and Ni; 3, t-phase incorporating Cu and preventing 
the formation of binary Mg-Cu phases; 4, more noble phases isolated 
from the matrix by the &-phase; 5, grain refinement. 


The setting of impurities in intermetallic phases is effective as well. A detailed 
analysis of the phases present in real castings of AZ91 and AZ123 alloys 
at the same impurity level of 0.5% Cu, 0.008% Fe and 0.0035% Ni reveals 
the advantage of the new alloy (Table 6.3). Copper is largely incorporated 
into the t-phase and is no longer available to form binary Mg—Cu phases. 
Thus, the formations of those phases that are detrimental to the corrosion 
resistance are suppressed. Furthermore, the dominating 8-phase also embeds 
the t-phase and the other nobler critical precipitates, thus isolating them 
from a direct contact with the matrix. This reduces the galvanic effects in 
the alloy to a large extent. The question whether the increasing Al and Zn 
contents are stabilising or contributing to the passive film formation needs 
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Table 6.3 Phases detected in pure AZ91D and AZM1231 and in their Cu 
(0.5 wt%) contaminated counterparts AZ91 and AZC1231 


Phase AZ91D AZ91 AZM1231 AZC1231 


a-phase 
B-phase 
AlgMns 
Mg,CusAl, - 
Mg2Cu > 
MgCu, - 
MgZn - 
t-phase - 


8 8 8 8 
8 8 8 8 8 


8 8 8 8 8 8 8 
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6.2 Comparison of the galvanic current measured between either & 
or t and pure magnesium in 5% NaCl solution (pH 11). 


further detailed investigations. Presently it seems as if they are enhancing 
short-term protection, while in the long run increasing film thickness results 
in flaking-off of protective surface oxide films. 

In spite of good castability, strength and corrosion behaviour of the 
AZC1231 secondary alloy, suggesting that this alloy may be a suitable 
alternative for many applications, it cannot be used in places where ductility 
is important. For wrought processing or more ductile cast applications an 
additional secondary Mg alloy group is required. 

The essential step in the development of the ductile secondary alloy 
AZC531 was the finding that the t-phase causes less galvanic corrosion 
impact to an Mg matrix than the ®-phase (Fig. 6.2). Consequently the alloy 
composition was modified to suppress the -phase and enhance the formation 
of the t-phase (Blawert et al., 2009b). The additional benefit for the recycled 
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secondary alloys would be that the t-phase is capable of incorporating a large 
amount of Cu impurities, without too many negative effects on the corrosion 
performance. The tolerable copper content is largely extended, reaching 0.7 
wt% and the tolerable nickel content is also slightly enhanced, but still has 
to be kept lower than 20 ppm (0.002 wt%) if the salt spray corrosion rate 
does not exceed 1 mm/y. The maximum content of impurities in the standard 
alloys according to ASTM B94-07 is presented in Table 6.4. The changes in 
the composition and microstructure of the secondary alloy AZC531 do not 
affect the ductility much. Unlike the case of the secondary alloy AZC1231, 
which suffers from a significant loss of ductility compared with its standard 
counterpart AZ91D, the AZC531 secondary alloy possesses a ductility level 
similar to that of the standard AMS0. 

To summarise, one can state that the overall experimental effort in the 
alloy development correlating composition, microstructure and corrosion 
resistance was reduced using thermodynamic calculations (Scheil) to optimise 
the alloy composition. The outcome is a new, more impurity-tolerant alloy 
class with the two main secondary alloys AZC1231 and AZC531 having a 
composition between standard AZ and ZC systems, covering cast and wrought 
applications. While the AZ91 alloy scrap is suitable for the secondary alloy 
AZC1231, the AM50 scrap can be used for the making of secondary alloy 
AZC531. Further, there exists the potential to extend the same concept to 
obtain AZC321 or AZC211 secondary alloys using AZ31 scrap. 


6.2 Amorphous alloys 


In the late 1980s, new classes of magnesium-based ternary metallic glasses 
with a wide range of compositions represented by Mg—TM-Ln (TM (transition 
metal) = Ni, Cu or Zn; Ln (lanthanides) = Y, Ce or Nd) were developed 
(Inoue and masumoto, 1991). The so-called bulk amorphous Mg alloys are 
produced by solidification techniques involving relatively very high cooling 
rates, namely, copper mould casting. The requirement of a very high cooling 
rate to avoid nucleation and growth of a crystalline phase in order to obtain 
the amorphous structure limits the section thickness of components, which 
is a drawback in the context of structural applications. 


Table 6.4 Tolerance levels for the standard alloys and for the 
secondary alloys 


Impurity content (wt%) 


Alloy Cu Fe Ni 
AMS50A" 0.010 0.004 0.002 
AZ91D"' 0.030 0.005 0.002 
TASTM B94-07. 
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Amorphous magnesium alloys can also be produced in the form of foils, 
ribbons or strips of thin sections by melt spinning technique, and by mechanical 
alloying/high-energy ball-milling (particulate processing) followed by warm 
compaction. Mg—Ni-based amorphous alloys produced by mechanical alloying 
are candidate materials for hydrogen storage (Yuan et al., 2003; Xie et al., 
2009; Anik, 2010). Furthermore, amorphous Mg alloys can be obtained as 
coatings on metallic substrates through physical vapour deposition and ion- 
irradiation techniques. The corrosion behaviours of amorphous alloys are 
discussed in detail in a different chapter of this book, and a brief account 
of some of the aspects is given in this section. 

One of the early works on Mg—Ni—Y and Mg—Cu-—Y amorphous alloys with 
0-40% Ni or Cu and 0-40%Y produced by melt spinning reported fracture 
stress values of 830 and 800 MPa for the MggyNi,s Y;5 and MggsCusY j alloys, 
respectively. The alloys were found to have good bend-ductility as well 
(Kim et al., 1990). Amorphous Mg—Cu-Y alloy cylinders of 4mm diameter 
produced by Inoue et al. (1991) contained a disordered structure typical for 
that of a super-cooled alloy and were reported to possess mechanical strength 
and deformation characteristics close to that of melt-spun ribbons, indicating 
similarities in the disordered structures. The possibility of producing up to 
7mm and up to 10mm in thickness or diameter by high-pressure die-casting 
and squeeze-casting, respectively, has also been demonstrated (Inoue et 
al., 1992; Kang et al., 2000). Li et al. (1995) investigated 30-100 um thick 
magnesium-based amorphous alloy ribbons, containing up to 20% Ni and 
15% Nd, produced by rapid solidification using a chill-block melt spinning 
facility and reported tensile strength and Young’s modulus values in the range 
330-640 MPa and 3.0-5.1 GPa, respectively. Amorphous Mg—23.5Ni melt 
spun ribbons possess high strength and low ductility in the temperature range 
of 25-125 °C (Pérez et al., 2004). With increasing temperature, due to the 
evolution of nanocrystalline structure with stable phases of Mg,Ni and Mg; 5Ni 
phases, the ductility of these amorphous alloys increases substantially. 

Mg alloys produced by conventional ingot metallurgy route, in general, 
exhibit a poor corrosion resistance. The corrosion resistance of such alloys is 
governed by the level of impurities, alloying elements, chemical homogeneity, 
heat-treatment condition and the amount/distribution of secondary phases in 
the matrix. The differences in the electrochemical potentials of the grains, 
grain boundaries and the secondary phases in the polycrystalline alloys also 
greatly influence the corrosion behaviour. Production of Mg alloys through 
non-equilibrium processing can improve their corrosion resistance due to (a) 
control over the microstructure/phases and (b) extension of solubilities of 
elements and thereby the minimisation of the negative effects of impurities. In 
addition, the stability of passive films is also influenced by the incorporation 
of specific alloying elements in the glassy amorphous alloys. 

Yao et al. (2001a) produced Mg-—Ni alloy ribbons by melt spinning. The 
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alloys with low concentration of nickel contained crystalline Mg and Mg,Ni 
intermetallic phases in the concentration below 5 at% Ni. X-ray diffraction 
(XRD) spectra revealed that the alloys that contained above 11 at.% Ni 
were amorphous in nature (Fig. 6.3). The alloys with higher nickel content 
exhibited more noble corrosion potentials in 0.01 M NaCl solution of pH 12. 
The corrosion resistance of the amorphous Mg—11.2% Ni and Mg-18.3% Ni 
alloys was better than the crystalline pure magnesium, while the crystalline 
alloys with lower nickel contents showed an accelerated corrosion rate, 
which is attributed to the galvanic drive on the Mg matrix induced by Mg,Ni 
phase. In very dilute alkaline chloride electrolyte pure magnesium exhibits 
a slight passivation, and does not pit at the corrosion potential. However, 
the crystalline alloys containing 1.2 and 4.8% Ni undergo active dissolution 
without any appreciable passivity in the anodic region due to the galvanic 
effect induced by the Mg,Ni precipitates. The polarisation plots (Fig. 6.4) 
show that the amorphous alloys with 11.2 and 18.3% Ni exhibit an enhanced 
passive range in this alkaline chloride solution. 

The introduction of Nd significantly enhances the corrosion resistance 
of the binary Mg—Ni amorphous alloys. Based on the immersion tests with 
measurement of hydrogen in 3% NaCl solutions, Li et al. (1998) reported 


Mg-4.8 at.% Ni 


Intensity (a.u.) 
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6.3 XRD spectra of melt spun binary Mg-Ni alloys ribbons showing 


the transition with increasing Ni content, from single a-Mg to a-Mg 
plus Mg2Ni, and then to an amorphous structure (Yao et al/., 2001a). 
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6.4 Polarisation behaviour of pure magnesium and Mg-Ni ribbons in 
0.01M NaCl (pH 12) electrolyte (Yao et al., 2001a). 


a corrosion rate of 38 mpy for the Mg—Ni-Nd alloys containing ~35 
at.% of Ni+Nd. Yao et al. (2001b) observed that the corrosion rate of the 
Mg67Ni,gNd,5 amorphous alloys was much lower than Mg77Ni,gNds; alloy 
(Fig. 6.5) suggesting the beneficial influence of higher concentration of 
Nd for a better resistance. X-ray photoelectron spectroscopy (XPS) studies 
revealed very low concentrations of Cl” and CO} on the sputtered surface 
of the corroded amorphous alloys after different sputtering durations, and 
the high contents of oxidised Nd in the corrosion film seemed to inhibit 
the ingress of damage causing aggressive anions. Studies on the corrosion 
behaviour by Gebert et al. (2001, 2004) and Yao et al. (2003) claimed that 
the introduction of rare earth elements to the amorphous alloys improves 
the corrosion resistance by providing a better stability to the passive films 
owing to the formation of oxides of Ni, Nd, Cu, Y and Ag, depending on 
the constitution of alloy. 

Qin et al. (2007) reported a slightly better corrosion resistance for the 
Mg¢sCu25Gdj9 amorphous alloy produced by copper mould injection casting 
technique over its crystalline counterpart in alkaline borate buffer and neutral 
dilute chloride solutions, and attributed the performance to the structural 
homogeneity of the amorphous alloy. Uhlenhaut ef al. (2009) attempted to 
develop Mg amorphous alloys containing aluminium and gallium. As the 
Pourbaix diagrams of Ga and AI are similar, the improved corrosion behaviour 
of the alloy was anticipated. The melt spun Mg79Al,;5Ga;5 bulk amorphous 
alloy assessed by potentiodynamic polarisation in 0.1 M NaCl solution was 
found to exhibit a more active corrosion potential than that of pure 99.5% 
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6.5 Dissolution rates of MggoNiig crystalline ingot and Mggo_,NiigNd,, 
(x = 0, 5, 15) amorphous alloys in 3% NaCl solution saturated with 
Mg(OH), (Yao et al., 2001b). 


Mg and possessed a superior corrosion resistance than a couple of Mg alloys 
and another amorphous alloy Mg¢sCu5Yj9 (Fig. 6.6). Interestingly, the 
Auger electron spectroscopy (AES) analysis showed that there was no trace 
of Ga compounds in the passive layer and that it was enriched only with 
aluminium oxide. However, AES depth profiles suggested the deposition 
of metallic Ga below the corrosion layer, which was further confirmed by 
the XRD results. It appears that the enhanced corrosion resistance was only 
due to the aluminium oxide enrichment at the surface of this alloy. These 
research findings opened up avenues for the development of amorphous alloys 
with higher aluminium content that could provide not only an improved 
electrochemical behaviour but superior mechanical properties as well. 

Mg alloy-based hydrogen storage alloys are produced from the mechanical 
alloyed/high-energy balled powders and subsequently compacted into pellets 
(Han et al., 1999; Xiao et al., 2006; Okonska and Jurczyk, 2009). These 
alloys are reported to possess several advantages, namely, higher discharge 
capacity, lighter mass and low cost, but their rapid degradation in KOH 
solution is a major disadvantage. MgNi—CoB composite alloys produced by 
mechanical alloying possessed a better corrosion resistance than the MgNi 
amorphous alloy (Feng et al., 2007). Element substitution has been an accepted 
and effective method for improving the properties of magnesium-based 
hydrogen storage alloys. The elements that come as partial substitution to 
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6.6 Potentiodynamic polarisation behaviour of Mg7Aly5Gajs, 
MggsCuzs5Y19 amorphous alloys in neutral 0.1M NaCl solution. 
Polarisation behaviour of the conventional pure magnesium, pure Al 
and WE43 magnesium alloys are shown for comparison (Uhlenhaut 
et al., 2009). 


magnesium in the hydrogen storage alloys include Al, Ti, V and Y (Nohara 
et al., 1998; Lenain et al., 1999; Xue et al., 2000; Zhang et al., 2001). The 
discharge characteristics and the anti-corrosion properties of the electrodes 
are influenced greatly by the partial substitution. Further to the above, 
effects of substitution of Ni with Co, Mn and Pd in the Mgg 9Tig.,Ni;_, M, 
(M = Co, Mn, Pd) hydrogen storage amorphous alloys seem to influence 
the electrochemical charge/discharge cycle and corrosion characteristics 
appreciably (Tian et al., 2006; Huang et al., 2010). 

Even though the amorphous alloys produced by melt spinning possess a 
low ductility, the high strength and better corrosion behaviour make them 
attractive. Attempts to improve their ductility by controlled heat treatments 
would help in enhancing application potentials. From the viewpoint of 
hydrogen storage applications, improving the electrochemical stability with 
small additives would be highly beneficial, and incidentally the contemporary 
research is directed towards this. 


6.3 Alloy coatings 


The innovative character of these types of Mg alloys (coatings) lies mainly in 
the non-equilibrium composition as a result of the extreme conditions during 
their formation, which is a rapid transition from the gas or plasma phase to 
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the solid state. Most magnesium-based coatings are produced by physical 
vapour deposition (PVD) processes, such as simple vacuum evaporation 
and deposition (Yamamoto ef al., 2001a,b; Yu and Uan, 2006), ion plating 
(Tsubakino et al., 2003; Lee et al., 2008), vacuum arc deposition (Bohne et 
al., 2007), ion beam sputtering (Mitsuo and Aizawa, 2003; Blawert et al., 
2007a) and magnetron sputter deposition (Lee et al., 2003; Griguceviciene 
et al., 2004, 2005; Blawert et al., 2007a). In general the PVD processes 
were considered to be good tools for alloy design as basically all elements 
are available for alloying with magnesium independent of their solubility or 
melting point. Even metals with markedly different melting points, such as 
Mg and Ti, can be easily transferred into the vapour phase and subsequently 
deposited together offering the possibility to create new alloys. The ability 
to produce solid solution alloys far beyond the equilibrium solubility is 
especially mentioned (Adeva-Ramos et al., 2001). The solubility limits known 
from conventional casting are no longer valid and all PVD techniques can 
produce supersaturated, precipitation free and microcrystalline magnesium 
layers. The only requirement appears to be a source to produce the metal 
vapour (Blawert et al., 2007a). The advantage of PVD processes is the 
simultaneous deposition of energetic particles, neutral atoms and charged 
ions (Nastasi et al., 1996). With increasing ion energy (in the range of 0.05 
to 500eV) more compact films with higher density can form because of an 
increasing surface mobility (Thornton, 1974). At the same time, due to the 
non-thermal energy input in combination with high cooling rates (at and 
beyond 10°K/s), the formation of non-equilibrium phases is promoted. The 
segregation of phases or the spinodal decomposition of non-solid solution 
systems can be completely suppressed depending on the film growth rate 
and ion energy used (Nastasi et al., 1996). 

The microstructure of the coating can range from micro- or nanocrystalline 
to amorphous morphologies (Song and Haddad, 2010). It is influenced not 
only by the alloy composition but also by the process parameters (temperature, 
pressure, deposition angle, deposition rate, average kinetic energy per particle, 
etc.) and the substrate material. An enhanced surface mobility, e.g. by higher 
particle energies, can result in a transition from columnar to layer-by-layer 
growth (Griguceviciene et al., 2004), thus resulting in coatings with fewer 
defects such as pinholes. However, different amounts of internal stress may 
be incorporated as a secondary effect while changing the energy balance (Lee 
et al., 2003). All this can affect the performance of such coating systems 
and has to be considered if new innovative Mg alloys with tailored corrosion 
properties should be designed by PVD processes. 

Despite the availability of the knowledge-base on such processing 
technologies, coatings based on magnesium alloys were rarely studied and 
the full potential of multi-element systems is still to be exploited. Most of 
the work concentrated on pure magnesium (Yamamoto ef al., 2001a,b), 


© Woodhead Publishing Limited, 2011 


Corrosion of innovative magnesium (Mg) alloys 245 


binary systems (Diplas et al., 1999; Mathieu et al., 1999; Adeva-Ramos 
et al., 2001; Gray and Luan, 2002) and ternary systems (Griguceviciene et 
al., 2005; Blawert et al., 2007a). Generally these layers are highly textured 
and can have corrosion properties that make them possible candidates for 
cathodic corrosion protection of conventional magnesium alloy components 
(Blawert et al., 2007a). However, it should be noted that the shift of the 
free corrosion potential compared with conventional Mg alloys is reported 
for the same systems by some researchers to be positive (Lee et al., 2003; 
Griguceviciene ef al., 2004) and by others to be negative (Mathieu et al., 
1999; Bohne et al., 2007). An explanation for this is hard to find and might 
be related to the processing parameters. Even for magnetron sputtered pure 
megnesium, different observations were made. Lee et al. (2003) found a finer 
structure of the coating with increasing working pressure (0.13 to 1.3 Pa) and 
at the same time the corrosion resistance increased with an associated shift 
of the free corrosion potentials to more noble values. In contrast, St6rmer 
et al. (2007) reported that the films produced at low pressure (0.2 Pa) and 
low deposition angle (0°) are smoother, more compact and exhibit a stronger 
fibre texture, since the densely packed basal planes of the hexagonal close 
packed (HCP) structure grow preferentially parallel to the substrate surface. 
The film growth is generally columnar with voided boundaries, but with 
increasing pressure and/or angle, the morphology and the microstructure 
(texture) of the film was more disturbed. 

It is further reported that disturbing the layer growth can be used to 
modify the electrochemical properties of the coatings without changing the 
composition. All pure Mg coatings exhibited a lower free corrosion potential 
than cast or extruded magnesium, but variation between —1735 and -1880mV 
(vs. Ag/AgCl) is possible depending on the degree of disturbance. The denser 
and less disturbed films had a better corrosion resistance. The only common 
finding in the two studies was the fact that the PVD coatings were more 
corrosion resistant than the target material (Lee et al., 2003; Stérmer et al., 
2007). 

Information on the corrosion properties of such coatings is even more 
limited. Only a few studies reported some details and moreover the findings are 
sometimes contradictory, which might be a result of employment of different 
deposition systems and processing parameters. However, as mentioned above, 
the sputter deposited magnesium-based coatings can have some interesting 
corrosion properties, especially showing a shift of the free corrosion potential 
(Mathieu et al., 1999; Seegar et al., 2005; Blawert et al., 2007a,b; Bohne 
et al., 2007; Stérmer et al., 2007) which can offer cathodic protection to 
conventional Mg alloys. Alloying is a possible way to influence the shift 
of the free corrosion potential as well as the overall corrosion resistance. 
The simplest way is to deposit conventional alloys, and an overview about 
the observed changes in the corrosion resistance and the free corrosion 
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potential is given in Fig. 4.7. It can be observed that the potentials of the 
deposited coatings were all negatively shifted relative to the potential of the 
sputter targets (cast alloys). The improvements in the corrosion resistance 
are mainly related to the obtained super-saturation preventing the formation 
of more noble precipitates, which are detrimental for a dense passive film 
formation. Mostly general corrosion attack without micro-galvanic and/or 
localised corrosion caused by the second phase precipitates was reported for 
the PVD coatings (Blawert et al., 2009a). 

However, a long-term resistance in neutral or even acidic surroundings 
requires a more selective alloying. Higher levels of super-saturation are required 
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6.7 Difference between the free corrosion potential of cast alloy 

and coating alloy (a) and improvement factor of the corrosion 
resistance by sputter deposition of the alloys (b). All properties were 
determined in 0.5% NaCl solution at pH 11. 
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and additional alloying elements that improve the resistance especially in 
acidic surroundings. Every alloying element has a specific effect on the free 
corrosion potential and the corrosion rate of binary Mg—X sputter coatings. 
The studied combinations are still limited and positive influences on the 
corrosion resistance were reported for the systems Mg—Al, Mg—Si, Mg—RE 
and Mg—Y (Griguceviciene ef al., 2005; Blawert et al., 2007a) as well as 
negative effects for the systems Mg—Ti and Mg—Sn (Mitchel ef al., 2005; 
Blawert et al., 2007a,b; Bohne et al., 2007). Nevertheless, the combination 
of various alloying elements with their specific corrosion properties allows 
tailoring of the corrosion performance of the coatings over a wide range. 
Such an example is the Mg—Al system whose good corrosion resistance can 
be further improved by adding zirconium without the problem of a negative 
interaction of aluminium and zirconium. Improved corrosion resistance is 
reported for the MgAIZr system compared with the binary Mg—Al alloy 
(Griguceviciene et al., 2005; Blawert et al., 2007a). In this way a large 
number of new alloys can be designed involving multi-element systems, 
which may offer further improvements. 

The substrate on which the Mg coatings are deposited can have two major 
influences, which are not independent from each other. On the one hand 
the substrate can affect the microstructure of the coating and on the other 
hand the overall corrosion performance is always a function of the coating/ 
substrate system. This is especially a problem for coatings on Mg, as almost 
all commercial metallic coatings have a more noble corrosion potential than 
the substrate. Such coatings will have a negative influence on the corrosion 
resistance of the whole system as galvanic corrosion can cause an enhanced 
attack of the substrate in the case of remaining defects within the coating. 
This is demonstrated in Fig. 6.8, which compares the corrosion rates and 
corrosion potentials measured for the nobler MgTi/AMS0 and MgTi/Si and 
the less noble MgAl/AM50 and MgAI/Si systems with the uncoated AM50 
Mg alloy substrate. None of the coatings is free from defects as indicted 
by the measured mixed potentials. As a consequence, the MgTi coatings 
with micropores led to an accelerated corrosion of the substrate, indicated 
by the much higher corrosion rates of the coated AM50 compared with the 
uncoated AMSO. In contrast, Mg—Al alloys showed persistent low corrosion 
rates on either Si or AM50 substrates despite the presence of similar pores 
in the coatings. The corrosion rates of the above systems are lower than the 
corrosion rate of the uncoated AMSO which shows that there is a positive 
effect due to the coating. This is related to the cathodic protection by MgAl] 
layers. As shown in Fig. 6.8 the substrate is protected by the coating and 
only the coating is corroding with its inherent lower corrosion rate. However, 
PVD coatings made from pure magnesium (Tsubakino et al., 2003; Yu and 
Uan 2006), standard Mg alloys as well as special magnesium-based alloys 
(Blawert et al., 2007a; Bohne et al., 2007) have the potential to offer cathodic 
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6.8 Influence of inert Si and active AM50 substrate on the corrosion 
performance of various coating/substrate systems. 


protection, thus they can be used to protect cast or wrought Mg components 
from corrosion. The challenge is to design coatings that have a sufficiently 
high corrosion resistance in the defect-free condition, a high enough potential 
difference compared with the standard Mg substrate as the driving force for 
the galvanic current, a high enough galvanic current to guarantee sufficient 
cathodic protection and are thick enough to provide the cathodic protection for 
a reasonable time. Further potential in improving the corrosion performance 
is expected if glassy-like magnesium-based coatings are produced, which 
should be available by combining several alloying elements. 


6.4 lon implantation 


Ion implantation is another possibility to alloy magnesium with almost 
any other element independent of the thermodynamic constraints; thus 
concentrations far from equilibrium can be reached. Whether super-saturation 
or formation of precipitates is reached depends mainly on the concentration/ 
type of the implanted ions and the treatment temperature. The disadvantage 
in comparison with other surface treatment techniques is the shallow depth 
of modification (normally less than 1 um), thus the effect on the corrosion 
resistance may be available for only a limited time. A few metal or gas atoms 
were implanted into magnesium or Mg alloys with different success with 
regard to the corrosion performance (please note that just a few examples 
are given and that the selection is far from being complete). Positive effects 
on the aqueous electrochemical corrosion resistance in chloride-containing 
solutions are reported from implantation of Al (Lei et al., 2007), Ta (Wang 
et al., 2007), C/H (Li et al., 2008) and negative effects from Cr (Vilarigues 
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et al., 2008) and O (Wan et al., 2007). The oxidation resistance was reported 
to be increased by the implantation of Ce (Wang et al., 2008). The results 
indicated that there is a strong influence of the implanted dose on the corrosion 
resistance, independent of whether the effect of the implantation is positive 
or negative for the corrosion resistance (Fig. 6.9). An interesting approach 
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6.9 Influence of the implanted dose on the corrosion performance 
of Mg alloys: (a) Cr implantation into pure magnesium, polarisation 
curves determined in 0.5M Na,SO, solution (Vilarigues et a/., 2008) 
and (b) Al implantation in AZ31, polarisation curves measured in 
0.01M NaCl solution at pH 12 (Lei et al., 2007). 
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to increase the modified treatment depth is the combination of implantation 
and coating using hydrocarbon plasma immersion ion implantation. A 
diamond-like carbon (DLC) film was deposited after carbon implantation by 
switching the process gas from CH, to C,H). The film had a good adhesion 
to the substrate and very small microporosity was produced with good 
corrosion resistance (Yekehtaz et al., 2009). However, it should be noted 
that the improvement is no longer related to alloying of the Mg substrate, 
but simply to the formation of the DLC film. 

Summarising, the ion implantation technique offers interesting possibilities 
for alloying of magnesium, but with the limitation on the effective corrosion 
protection due to shallow treatment depths. A solution might be the combination 
of this with other coating processes, where the implantation is used to modify 
the structure and composition of the growing film (e.g. to produce denser 
PVD magnesium-based coatings) to improve the corrosion resistance. 


6.5 Laser processed magnesium (Mg) alloys 


Laser processing of Mg alloys is performed to obtain surfaces with controlled 
microstructures and chemical compositions, possessing improved tribological 
characteristics and corrosion resistance. It can be broadly grouped into three 
categories, namely, (a) laser surface melting, (b) laser alloying and (c) laser 
cladding. Techniques (a) and (b) either modify the surface of the alloys only 
with use of the lasing source without the addition of any materials or involve 
the use of additional materials in the form of powder, wire or paste to alter 
the composition of the surface of the alloy. Technique (c), laser cladding, 
is similar to laser alloying in some respect, but employs noble metal/alloy 
wire, powder/paste to form overlay coatings (Subramanian ef al., 1991; 
Yue and Li, 2008). The first two categories can be called innovative from 
the perspective of alloy design at the surface, and some aspects of laser 
processing are addressed in this section. 

The effectiveness of the laser processing is dictated by the energy density, 
beam dimension, the degree of overlap in tracks and the beam-—surface 
interaction time (or in other words, the scanning speed). Considering the 
size of the bulk substrate, the depth/thickness of the laser surface-modified 
layers is generally very small. The large temperature gradients between 
the surface and the underneath substrate facilitate a rapid quenching and 
solidification, that could result in microstructural refinement, extension of 
solubility limits and the formation of non-equilibrium crystalline or amorphous 
phases depending on the other processing conditions. 

The technique of laser surface melting (LSM) is well known and has 
been in use for many years for modifying the surfaces of both ferrous and 
non-ferrous substrates (Liu et al., 2006). LSM of the engineering alloys, in 
general, is aimed at improving the corrosion resistance by modifying the 
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microstructural features and the consequent electrochemical characteristics 
of the surface. The conditions experienced by the surface of alloys during 
LSM could be similar or close to those realised in the rapid solidification 
techniques, namely, melt spinning or splat quenching. While the above- 
mentioned rapid solidification techniques are for the production of amorphous 
melt-spun ribbons/bulk alloys, the LSM is intended to alter the conditions of 
the alloy at the surface only to a shallow depth of a few hundred microns. 
The surfacing is done as multiple scans with a small degree of overlap. 
The scan layer width is governed by the dimensions of the laser beam as 
can be seen in the schematic diagram of the laser surfacing set up in Fig. 
6.10 (Majumdar et al., 2003). The electrochemical characteristics of the 
overlap regions could be influenced by the heat-induced microstructural 
variations. 

Evaporation of magnesium from the surface during LSM leads to the 
enrichment of the re-melted layers with other major elements in the alloy. 
For example, in the case of AZ91D and AM6OB alloys, the LSM layer was 
found to contain about 11-12% and 8-9% Al, respectively (Dubé et al., 
2001). The enrichment of aluminium at the surface may either increase the 
R-phase volume fraction in these regions or may promote an enhanced solid 
solubility of aluminium in the matrix at the surface, depending on the alloy 
composition and the laser processing conditions. It is believed that the oxide 
films formed on the rapidly solidified alloys containing higher amounts of 
aluminium in solid solution may provide a better passivation behaviour/ 
corrosion resistance. Abbas et al. (2005) reported that the corrosion resistance 
of AZ31, AZ61 and WE43 alloys could be enhanced significantly by LSM 
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6.10 Schematic representation of laser surface melting (Majumdar et 
al., 2003). 


© Woodhead Publishing Limited, 2011 


252 Corrosion of magnesium alloys 


250 
o 
& 
= 
a 
= 
2 
sc nN 
7) 
200 - = 
oO 
= = 
oO 
oO 
S © E 
§ 150- > S 
Da & = © 
E s = uw 
— no 
3 g S 
s | = o 
© a © 4 
= * i 
o 100 <2 < a7) 
2 = 2g en 
fo) £ a ww 
: 3 a. = 
(s) E <2 Se) 
50 5 3 
-- oO 
sy € 
re 
oO 
5 
| oO 
| ae | 
; Serer 


Sample type 


6.17 Average corrosion rates of Mg alloys before and after LSM 
(immersion tests in 5% NaCl solution of pH 10.5) (Abbas et al., 2005). 


(Fig. 6.11), which was attributed to the refinement of grains and the more 
uniform distribution of secondary phase(s). Similarly, LSM of a commercial 
Mg alloy containing small amounts of Zn, Mn, Zr and rare earth elements 
using a continuous wave CO, laser with different laser powers and scan 
speeds resulted in an extremely fine-grained surface (Fig. 6.12), leading 
to an increased micro-hardness and corrosion resistance (Majumdar et al., 
2003). Gao et al. (2007)also reported the development of a fine-grained 
structure by LSM on an AZ91HP alloy using CO, laser, and observed a 
significant enhancement in the corrosion resistance. The corrosion damage on 
the untreated surface was more uniform and severe, while the LSM surface 
had small regions of localised damage. The scanning electron micrographs 
of the untreated and LS melted specimens before and after the corrosion 
tests are shown in Fig. 6.13. LSM with high laser powers or slow scanning 
speeds may provide a large case depth. However, as the above conditions 
are likely to reduce the cooling rates, they would hence be congenial for the 
formation of more amounts of secondary phase particles, namely, B-phase, 
which in turn could greatly influence the corrosion resistance. 

Dubé et al. (2001) reported that the LSM of AZ91D and AM60 alloys 
using a pulsed Nd-YAG laser did not improve the corrosion resistance and 
instead it resulted in an enhanced corrosion rate. A non-uniform dendritic 
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6.12 Scanning electron micrographs of (a) untreated and (b) laser 
surface melted MEZ alloy specimens (Majumdar et al., 2003). 


microstructure and the formation of aluminium-rich curled bands on the treated 
surface were believed to be the cause for the inferior corrosion behaviour. 
Elimination of the Al,Ca phase from the grain boundaries of an ACM720 
Mg alloy and also an increase in aluminium concentration at the surface by 
LSM could increase the corrosion resistance of the alloy appreciably (Mondal 
et al., 2008). 

Short pulse irradiation of Mg alloys using XeCl excimer laser produced 
a wavy structure on the surface and the development of about 3-6 [um thick 
amorphous layers on the surface. The corrosion resistance was reported to 
be enhanced (Schippman et al., 1999). Control of laser scanning speed plays 
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an important role in providing the necessary heat input for the dissolution of 
secondary phases in the alloys subjected to LSM and to obtain a homogenised 
surface. However, excessive heat may promote formation of secondary phases 
again, due to slow cooling, and also may increase the grain size. The effect 
of scanning speed on the dissolution of Mg;,Nd phase in a WE43 Mg alloy 
treated by excimer laser is shown in Fig. 6.14. The effective dissolution of 
this cathodic phase was found to improve the corrosion resistance of the alloy 


(b) 


6.13 Scanning electron micrographs of the untreated ((a) and (b)) and 
laser surface melted ((c) and (d)) AZ91HP alloy before and after the 
corrosion tests (Gao et al., 2007). 
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significantly. A lower scan speed of 2 mm/s yielded a surface that possessed 
a better corrosion resistance than the surface obtained with 10 mm/s (Fig. 
6.15) (Guo et al., 2005). The number of pulses in the excimer LSM seems 
to be critical in dictating the thickness and quality of re-melted layers. Coy 
et al. (2010) showed that an increase in the number of pulses per unit area 
from 10 to 50 could increase the thickness of the re-melted layer from 4 
to 13 um (Fig. 6.16). However, the LSM at higher pulse conditions lead to 
the formation of pores and micro-cracks, and thus result in poor corrosion 
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6.14 Cross-sections of laser-treated WE43 Mg alloy specimens at 


two different laser scanning speeds: (a) 2mm/s; (b) 10mm/s, with a 
constant energy density (6J/cm?2) (Guo et al., 2005). 


resistance of the treated surface. Excimer LSM has successfully been applied 
to improve the corrosion resistance of magnesium-based metal matrix 
composites as well (Yue et al., 1997). 

Wang et al. (1993) showed the feasibility of alloying/cladding magnesium- 
and aluminium-rich Mg alloys by using a CO, laser facility. The formation of 
eutectic phase at the surface could completely be suppressed in an alloy with 
a composition Mg>7Al,; by the rapid cooling rates of the laser processing. 
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6.15 Impedance spectra (Nyquist plot) of the untreated and laser- 
treated WE43 alloy in 3.5% NaCl solution (Guo et al., 2005). 


In the aluminium-lean alloys the formation of eutectic phase was noticed 
throughout the modified layer. The laser-clad alloy Mg»7Al,3 showed a nobler 
potential and a better corrosion resistance than the cast AZ91B and cast 
magnesium (Fig. 6.17). The feasibility of cladding and alloying of WE43 
and ZE41 Mg alloys with aluminium injection using Nd—Y AG laser was also 
demonstrated by Ignat et al. (2004), in which layers with Mg,7Al,2 with a 
hardness of around 200 HV could be achieved. However, the modified layers 
contained defects in the form on pores and cracks. Cladding of the AZ91HP 
Mg alloy with an Al-Si alloy using CO, laser could constitute a clad layer, 
bond zone and heat-affected zone (Fig. 6.18(a)). The analysis of the surface 
using scanning electron microscopy/energy dispersive spectroscopy (SEM/ 
EDS) showed that the surface was constituted with Mg,Si dendrites in a 
matrix of Mg,7Al,. (Fig. 6.18b). Superior wear resistance and corrosion 
behaviour were claimed on account of the modified phase composition of 
these alloys, and especially the formation of the Mg,;7Al1, at the surface (Gao 
et al., 2006). Higher laser scanning speeds during cladding of Al—Si over 
ZE41 magnesium alloy could result in smaller volume fraction of Mg,Si 
phase (Volovitch et al., 2008) and hence reported to provide better corrosion 
resistance. 

The existing knowledge-base on the laser processing of Mg alloys 
for improving the corrosion resistance suggests there is ample scope for 
expanding it further. In particular, the processing with use of aluminium 
powders to enrich the surface composition to obtain modified structures 
for imparting wear and corrosion resistance looks promising. However, 
tackling issues such as the formation micro-cracks during laser processing 
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6.16 Back-scattered scanning electron micrographs of cross-section 
of the specimens after laser treatment with different number of laser 
pulses: (a) 10, (b) 25 and (c) 50 pulses (Coy et al., 2010). 
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is still a challenging task. The laser treatment of magnesium alloy surfaces 
for long-term corrosion protection is another important aspect that needs to 
be addressed in the days to come. Finally, it should be mentioned that the 
laser can also be replaced by other higher energy beams, namely, electron 
beam, to produce similar effects on the Mg alloys. 
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6.17 Polarisation behaviour of (a) laser-clad Mg»7Alz3 alloy, (b) AZ91B 
alloy and (c) pure magnesium (Wang et al., 1993). 
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6.18 Scanning electron macro/micrographs of the laser-clad AZ91HP 
alloy: (a) cross-section; (b) surface morphology (Gao et al/., 2006). 
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Atmospheric corrosion of magnesium (Mg) 
alloys 


M. JONSSON and D. PERSSON, SWEREA KIMAB, 
Sweden 


Abstract: Depending on the atmospheric condition, and the deposition of 
particles and gases, this thin aqueous layer varies in thickness. In marine 
atmospheres and other chloride containing environments, corrosion attacks 
are triggered by the formation of chloride-containing aqueous films on 

the surface. Gaseous constituents, such as CO, are more important in 
atmospheric conditions, compared to the corrosion of magnesium alloys 
in bulk solutions. The microstructure of magnesium alloys is also of vital 
importance to the corrosion behaviour in atmospheric conditions. However, 
in atmospheric conditions the electrolyte layer is thin, which decreases 

the possibility of galvanic coupling of alloy constituents located at larger 
distances from each other. 


Key words: magnesium, atmospheric corrosion, field test, corrosion 
products, microstructure. 


7.1 Introduction 


The atmospheric corrosion of magnesium (Mg) alloys is of considerable 
interest in several technically important areas, such as the automotive and 
aerospace industries and in portable electronics. While the corrosion of Mg 
alloys in bulk solutions has been the subject of investigation in numerous 
academic papers, studies of atmospheric corrosion of Mg alloys are rarer, 
even though magnesium as a structural metal is most commonly used in 
atmospheric environment. Magnesium has very low nobility and a reputation 
for ready corrosion; nevertheless the corrosion rate of bare Mg panels is in 
both marine and mobile field exposures considerably lower than the corrosion 
rate of carbon steel. Atmospheric corrosion is triggered by atmospheric 
humidity, which forms a thin layer of liquid on the surface. Depending on 
the atmospheric condition and the different particles and gases, this thin 
water layer has different thickness. Owing to poor conductivity of the thin 
electrolyte layer present during atmospheric corrosion, the microstructure 
has a different influence on the corrosion properties of Mg alloys from that 
in bulk solutions. The aim of this chapter is to look more closely at the 
fundamental processes that govern the atmospheric corrosion behaviour of 
Mg alloys. 
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7.2 The atmospheric environment 


The atmospheric corrosion of Mg alloys is a complex process which results 
from the interaction between a metal and its atmospheric environment. A 
prerequisite for atmospheric corrosion is the presence of a water layer on 
the surface. The thickness of the water layer varies considerably with the 
climatic conditions and may range from monomolecular thickness to clearly 
visible water films. The formation of an aqueous layer occurs in humid air 
by adsorption on the hydroxylated oxide present on most metal surfaces 
exposed to ambient conditions. The thickness of the reversible adsorbed 
water film varies with the relative humidity (RH). Table 7.1 shows the 
approximate number of water monolayers on a metal surface at 25°C and 
steady state conditions (1). Thicker aqueous films can also form in the 
atmospheric environment by condensation, precipitation or water absorption 
by hygroscopic substances on the surface. 

The thin aqueous layer on a metal surface in atmospheric environments 
acts as a medium for atmospheric gaseous constituents or particles that occur 
in the surrounding atmosphere and interact with common gaseous pollutants 
that affect the atmospheric corrosion of metals. These constituents include, 
for example, sulphur dioxide (SO), nitrogen dioxide (NO), ozone (O3), 
carbon dioxide (CO,) and nitric acid (HNO3) (1). In some cases the species 
are incorporated in the thin electrolyte as a component of precipitation, while 
in other cases they are directly deposited in the thin electrolyte present on 
the surface. Particles such as sea salt and ammonium sulphate ((NH4)2SOx), 
are important, as they are particles which dissolve in the water film and form 
ionic species that increase the conductivity of the aqueous layer and facilitate 
electrochemical corrosion processes on the surface. ((NH4)2SOx,) particles are 
formed by combination of NH3 and oxidised SO, in the atmosphere where 
NH; originates mainly from anthropogenic sources while SO) is emitted in 
large amounts by combustion of fossil fuels. 

Water-soluble species and particles also play an important role in the 
formation of the aqueous film on the surface. This is due to the tendency of a 
soluble salt to take up water and form an electrolyte solution (deliquescence) 
above a certain RH. For instance, NaCl has a deliquescence point of 78% 
of the relative humidity at 25°C. The resulting thickness of the film is 


Table 7.1 The approximate number of water monolayers on a metal 
surface at 25°C and steady state conditions 


Relative humidity (%) Number of water monolayers 
20 1 

40 1.5-2 

60 2-5 

80 5-10 
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dependent on the RH and the amount of soluble species on the surface. 
Since the salt solution strives to be in equilibrium with the surrounding 
atmosphere, more salt on the surface results in increased thickness of the 
electrolyte layer and not in a higher concentration of Cl” in the electrolyte 
layer. In marine environments chloride-containing aerosols have a large 
impact on the corrosion rate. The main chloride contribution comes from 
NaCl, but MgCl, and other components in the sea salt also contribute. In 
addition, significant amounts of other species such as sulphate are present 
in the sea salt aerosol. The deliquescence process of sea salt aerosols is 
more complicated than that of pure NaCl and may pass through partially 
dissolved stages before finally becoming a homogeneous electrolyte solution. 
Since atmospheric corrosion is strongly dependent on pollutants present in 
the atmosphere, different atmospheres are classified according to exposure 
conditions. The major categories based on potential corrosion rates are Rural, 
Urban, Industrial, Marine and Indoor. All of these atmospheres can be further 
subdivided, for example into wet, dry and arctic temperate zone. 

A tural atmosphere is that of an inland rural countryside with little or no 
heavy manufacturing industries. Hence the corrosion rate is generally low in 
these areas. In urban atmospheres, even in areas free from heavy industries, 
there are pollution contributions from road traffic and emissions from fossil 
fuels. Road traffic is responsible for oxides of nitrogen which may oxidise 
to nitric acid. Fossil fuels have the potential of generating sulphur dioxide, 
which is converted to sulphuric and sulphurous acids when in contact with 
moisture. In an industrial environment there are often high emission pollutants 
stemming from the use of fossil fuels. The atmosphere here often contains 
contributions from all types of contamination, for example sulphur dioxide. 
However, in western countries the emission of sulphur dioxide has decreased 
significantly. Hence the corrosion rate of metals due to these emissions has 
also generally decreased. 


7.3 Electrochemical reactions 


The atmospheric corrosion of metals is largely dependent on the electrochemical 
reactions occurring in the thin aqueous layer on the surface and at the interface 
between the solid substrate and the thin electrolyte layer. The thin aqueous 
layer on the surface also acts as a conductive medium which can support 
electrochemical processes on the surface. Due to the presence of different 
phases with different electrochemical properties in magnesium alloys the 
anodic and cathodic reactions are often localised in different areas on the 
magnesium surface. The microelectrodes may consist of different phases present 
in the microstructure of the alloys. The influence of the microstructure on the 
atmospheric corrosion behaviour of magnesium alloys will be discussed in 
more detail further on. In atmospheric corrosion the thin electrolyte reduces 
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the conducting path between the anodes and cathodes present on the surface. 
Hence, the area fraction between the anode and cathode does not play such 
an important role as in the case of corrosion in solution (2). Further, with the 
thin electrolyte layer the oxygen and carbon dioxide in the air can easily be 
transported through the thin electrolyte layer to the metal interface. It was 
shown in a fairly old work by Tomashov and Matveeva (3) that part of the 
cathodic reaction is due to oxygen reduction. This is different from a bulk 
electrolyte solution, where hydrogen evolution is the main cathodic process 
(4). The cathodic and anodic processes during atmospheric corrosion can 
then be written as follows: 


Cathodic reaction 
Water reduction: 

2H,0 + 2e° © H, + 2OH™ 7A 
Oxygen reduction: 

O, + 2H,O + 4e° @ 40H™ 7.2 
Anodic reaction: 

Mg © Mg** + 2e- ype) 
Reaction 7.4 describes the overall reaction in the case of water reduction: 


Mg + 2H,O0 @ Mg(OH), + Hy 74 


7.4 The oxide film 


Magnesium is a reactive metal, and after exposure to air an oxide layer 
will quickly form on a magnesium surface. This oxide layer will give 
some protection against atmospheric corrosion (5). It is generally believed 
that in damp conditions a thin MgO layer is rapidly formed on the pure 
magnesium metal. In experiments using transmission electron microscopy 
(TEM), performed by Nordlien et al. (6), magnesium was exposed to 
ambient atmosphere for 60 min and scratched. After scratching, a film was 
rapidly formed. This film consisted of a dense mixture of amorphous MgO 
and Mg(OH)>. 

The thickness of the oxide layer formed on pure magnesium in ambient 
conditions was calculated by McIntyre and Chen (7) using X-ray photoelectron 
spectroscopy (XPS). After exposure for only 10s the oxide layer was 
measured to be 2.2 + 0.3 nm (c. seven monolayers of MgO). The oxide layer 
was found to increase in thickness slowly and linearly with the logarithm 
of exposure time during a test period of 10 month’s exposure to laboratory 
atmosphere. Hydration by absorbed water molecules contributed to the 
measured thickening of the air-formed film through hydroxide formation. 
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Santamaria et al. (8) suggested a model where the oxide of pure magnesium, 
in an aqueous electrolyte, has a bilayer structure, consisting of a thin 
MgO layer (~2.5nm) and an Mg(OH), external layer. The thickness of the 
Mg(OH), was influenced by the immersion time and solution temperature. 
Hence, Nordlien et al. (6, 9) reported thicker oxide films that are formed 
on the surface after immersion in distilled water. Aluminium is a frequent 
alloying element in Mg alloys. It is well known that small additions of Al 
to an Mg-base metal improve the corrosion resistance. Such additions cause 
formation of a mixture of magnesium and aluminium oxides with increased 
stability compared with pure magnesium (10). This can explain the improved 
corrosion of single-phase Mg alloys with small additions of aluminium (e.g. 
AZ31) compared with commercially pure magnesium (11). 

It has also been reported that an increase in aluminium in the bulk 
causes an enrichment of aluminium in the oxide film formed on the surface 
of Mg—AL alloys (12-14), thus indicating that the surface content of Al 
is related to the bulk content. The rate of oxide nucleation and growth is 
enhanced on Mg—AI surfaces compared with pure Mg surfaces especially at 
higher Al contents (13, 14). The film becomes more compact and protective 
when the aluminium content in the bulk alloy increases (9). The thickness of 
the subsurface layer is in the order of 4—6nm, the depth at which the bulk 
composition is reached increases with increasing bulk Al-alloying content 
(12). Investigations using Auger electron spectroscopy (AES) (15) on the 
actual constituents in an AZ91D magnesium alloy show that there is an 
enrichment of aluminium in the oxide layer. This enrichment depends on 
the aluminium content in the different constituents of the alloy: the higher the 
aluminium content in the alloy constituents is, the higher is the enrichment 
of aluminium in the oxide layer. Another interesting fact is that XPS analysis 
reveals that an increasing aluminium concentration in Mg—Al alloys results 
in greater magnesium carbonate formation and lower amounts of MgO and 
Mg(OH), (16). 


15 The effect of atmospheric gases and particles 


There are several gaseous constituents that might affect the atmospheric 
corrosion of magnesium and magnesium alloys. SO, is an atmospheric gas 
which is mainly emitted during combustion of fossil fuels and has historically 
been the most important pollutant for the atmospheric corrosion of metals 
in urban and industrialised environments. The level of SO, has decreased in 
industrialised countries and the atmospheric corrosion of metals, such as zinc 
in a corresponding way. The situation has moved from a single gas, SO», 
as the main pollutant affecting the corrosion behaviour to a multipollutant 
situation where several gases influence the corrosion process. This may not 
be valid in the developing countries where environments with very high SO, 
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levels now can be found. However, little information is available about the 
influence of gaseous pollutants on the atmospheric corrosion of Mg alloys, 
especially for NO, and O3, which are known to affect the corrosion process on 
metals such as zinc and copper. Substantial amounts of magnesium sulphate 
have sometimes been found on Mg alloys after field exposure in polluted 
industrial atmospheres (17). It was found in several older investigations 
that the atmospheric corrosion of magnesium was only weakly dependent 
on the pollutant levels but rather dependent on the time of presence of an 
aqueous film on the surface (18, 19). Laboratory investigation (20) of the 
effect of SO, on the corrosion of magnesium showed that the corrosion 
increased strongly with ppb levels of SO, and that the addition of NO, and 
O; increased the deposition rate of SO,. The corrosion products were mainly 
magnesium sulphite after the laboratory exposure to SO). 

The effect of CO, is of great importance for the corrosion mechanism 
of magnesium in the atmosphere. As can be seen from reactions | and 2, 
OH ions are formed on the surface during the corrosion process, and a 
high pH often forms quite rapidly in thin water films. This high pH tends 
to further facilitate the formation of brucite (Mg(OH) 3). As the corrosion 
attack proceeds, the metal surface experiences a local pH increase because 
of the formation of Mg(OH),, which results in a pH of about 11 in saturated 
solutions of Mg(OH) . However, a high pH in the thin electrolyte layer will 
to a larger extent attract CO, from the ambient air. The dissolution of CO, 
in the surface electrolyte causes a decrease in pH according to (21): 


CO> (aq) + H,0 OD HCO; + H* 7.5 
HCO; + OH” w COZ +H,0 7.6 


The decreasing pH and the presence of carbonate cause Mg(OH), to transform 
into magnesium hydroxy carbonates. The presence of ambient levels of CO, 
inhibits the atmospheric corrosion rate of Mg alloys in humid air by a factor 
of four (21). It is argued that both of these gaseous constituents influence the 
corrosion of Mg—Al alloys by decreasing the pH on the surface, resulting 
in a greater stability of aluminium-containing passive films. When the 
concentrations of the ions in the liquid eventually become supersaturated, the 
ions will precipitate to a solid phase with prolonged exposure. The number 
of precipitated nuclei will increase, and eventually they will cover the 
metallic surface and form corrosion products. Hence, through investigation 
of the corrosion products the mechanisms of the corrosion process can be 
understood, as well as the influence of atmospheric pollutants and other 
environmental parameters. 

Other important factors for the atmospheric corrosion of magnesium are 
soluble atmospheric particles, such as sea salt and corrodant-containing 
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precipitation. Chloride is of special interest as it is the major corrodant in 
sea salt in marine environments and in road environments where de-icing 
salt is used. It should be noted that the corrosion products on magnesium 
seldom contain less-soluble chloride-containing phases, as in the case for other 
metals such as zinc. In fact a large part of the NaCl deposited initially on a 
magnesium surface remains in soluble form after exposure, showing that the 
surfaces were covered with a surface electrolyte throughout the experiments 
(22). In another study (23) it was shown that the corrosion of magnesium was 
proportional to the amount of NaCl deposited on the surface. The corrosion 
also increased with the humidity. Likewise in this study substantial amounts 
of chloride in soluble form could be found after exposure. The important role 
of RH in atmospheric corrosion has been clearly illustrated in a simulated 
ocean exposure corrosion test; the corrosion damage of pure Mg, AZ91 and 
AM5S0 is significantly reduced by simply decreasing the relative humidity of 
the simulated chlorides containing ocean environment [24]. While chloride 
ions probably play a role in the breakdown of the passive films on magnesium, 
these investigations indicate that the main effect of chlorides is probably 
related to the formation of a phase film of electrolyte on chloride-contaminated 
surfaces. The conductive electrolytes support electrochemical reactions on 
the surface and facilitate the corrosion processes in microgalvanic cells set 
up between alloy constituents with different nobility. 


7.6 Corrosion of magnesium (Mg) alloys during 
field exposure 


Some corrosion rates of Mg alloys at different field exposure sites given in 
the literature (25-27) are displayed in Table 7.2. The highest corrosion rate, 
8.8 um/year, is shown for the AM50 alloy exposed in marine environment 
for one year, i.e. 2005-05-31 to 2006-05-23. The corrosion rate of AZ91D, 
measured in Um/year, is after 12 months of exposure 4.2, 2.2 and 1.8 for 
the marine, rural and urban exposures, respectively. The weight loss of the 
Mg alloys is linear with time (25). This was also seen in the laboratory (22) 
and has been reported in the literature (26). The weight of the field-exposed 


Table 7.2 Corrosion rate, given in um/year, of Mg alloy AZ91D obtained 
from three different field stations (25). Also included in the table are 
corrosion rates, found in the literature (26, 27), of field-exposed Mg alloys 


Rural Industrial Marine Urban 
Jonsson et al. (22) 2.18 4.15 1.75 
Godard et al.' (26) 4.3 15.7 22 
Southwell et al.? (27) 12.6 19.2 


1 Magnesium alloy AZ91A-T6 ; * Magnesium alloy AZ61X. 
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panels was measured before the pickling procedure (25) and was in many 
cases below the initial weight, i.e. the corrosion product had been removed 
by rainfall, wind and sea spray from the waves. All in all the results suggest 
that the formation of corrosion products works poorly as a physical barrier 
against corrosion attacks. The microstructure was found to play a vital role 
for the initiation of the corrosion attack in the field (25), which was initiated 
in the less noble a-phase, with the more noble eutectic o/B-constituent 
close to the a-phase acting as the cathodic site. The Al content of different 
phases was closely related to the extent of the corrosion attack. Further, the 
intermetallic Al—Mn particles did not play an important role in the corrosion 
process of either AZ91D or AMSO in the field. Hence the influence of the 
microstructure on the corrosion behaviour in the field was similar to findings 
in the laboratory, which will be described further on. 

As a comparison reference corrosion panels of carbon steel, zinc, copper 
and aluminium can be seen in Table 7.3. These panels have been exposed 
during 7 October, 2005 to 21 October, 2006 (i.e. a slightly different time 
period) at the same field station. The field station is located at Sainte Anne 
du Portzic, Brest, France, at the facilities of Institut de la Corrosion. The 
measurements have been made in accordance with ISO standard 9223. A 
comparison between Table 7.2 and 7.3 reveals that the corrosion rate of Mg 
alloys AZ91D is much lower than the corrosion rate for steel, comparable 
to the corrosion rate of copper but four times as high as aluminium. The 
comparison shows that the corrosion rate of magnesium is not as high as one 
would initially believe, bearing the low nobility of the magnesium metal in 
mind. 

In a project called ‘Assessment of corrosivity of global vehicle environment’ 
(28) corrosion coupons of different materials as well as different material 
combinations have been exposed for three years on trailers operating in 
different parts of the world. The exposure setup on a trailer in Dubai can 
be seen in Fig. 7.1. In the road environment the de-icing salts as well as the 
road dirt have a strong effect on the corrosion rate of the different material. 
A layer of dirt from the road covers the exposed materials, prolonging the 
wetting period; the dirt also contains different corrosive species, such as 
de-icing salt and copper particles from braking pads. One of the exposed 
materials in the project has been Mg alloy AZ91D. Some of the corrosion 
values for Mg alloy AZ91D are given in Table 7.4. As a reference some 


Table 7.3 Corrosivity, given in um/year, from Ste Anne field site for steel, 
zinc, copper and aluminium — 2006 


Steel Zinc Copper Aluminium 


Corrosion rate 103+4 1.7 + 0.1 4.0 + 0.2 0.7 + 0.1 
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7.1 A matrix of corrosion panels exposed under a truck in Dubai. 


Table 7.4 Corrosion rate, given in um/year, of Mg AZ91D, carbon steel 
and zinc obtained after mobile exposures at different locations around 


the world 
AZ91D Carbon steel Zinc 

France 3.9 + 0.3 20.7 + 2.0 5.2 + 0.3 
Dubai 4.0 + 0.3 6.4 + 1.1 0.7 + 0.3 
Thailand 3.1+0.1 11.1 + 1.0 0.3 + 0,0 
Canada 8.5 + 1.3 57.3 + 2.4 4.8 + 0.4 
Sweden 14.7 + 2.3 50.1 + 2.7 3.6 + 0.2 
England 10.7 + 2.1 66.8 + 2.3 8.9 +1.1 


corrosion rates for carbon steel and zinc, obtained during the same exposure, 
are included in the table. It can be seen that the corrosion rates for magnesium 
are between, 3.1 m/year in Thailand and 10.7 and 14.7 um/year for England 
and Sweden, respectively. This is not surprising since England and Sweden 
use large amounts of de-icing salt during the winter periods. However, the 
corrosion rates are not that different from the ones obtained during the 
marine field exposure. Comparing the corrosion rates for magnesium with 
the ones obtained for carbon steel, it can be inferred that magnesium has a 
lower corrosion rate than carbon steel at all of the exposure sites; in some 
of the cases the corrosion rates is about six times as low. 


© Woodhead Publishing Limited, 2011 


278 Corrosion of magnesium alloys 


7.7 Corrosion products 


7.7.1 Initial formation of corrosion products in the 
laboratory environment 


The composition of the corrosion products formed is a result of ion pairing 
reactions of the metal ions and anions present in the aqueous layer. The ionic 
species present in the thin aqueous layer originate from deposited gases and 
particles, dissolved metal ions and electrochemical reaction products. By 
analysing the corrosion products, it is possible to gain information about the 
reactions taking place on the surface. In most investigations into the corrosion 
of magnesium alloys the corrosion products are analysed with X-ray diffraction 
(XRD), which gives such compositions of crystalline corrosion products as 
Mg(OH,) Al,O3 and MgO (29). However, magnesium carbonate is often 
poorly crystalline and can be problematic to detect using XRD (21, 22, 29). 
The use of other techniques shows that magnesium carbonates are a main 
corrosion product in the atmospheric corrosion of Mg alloys. Analysis with 
Fourier transform infrared (FTIR) spectroscopy clearly reveals the presence 
of large amounts of carbonates under atmospheric conditions (22, 29, 30). 
Feliu et al. (16) analysed the surface chemistry of a number of Mg alloys 
using XPS under atmospheric conditions. The results indicate that there are 
large amounts of carbonates on the surface of the Mg alloys tested, and that 
there is a relationship between increasing carbonate formation and increasing 
aluminium content in the alloys tested. 

The reaction sequence of the formation of corrosion products on NaCl- 
contaminated AZ91 under laboratory conditions was studied by the authors 
of this chapter (22). As seen from reaction 4.4 above, MgOH, is the overall 
corrosion product and is also the main corrosion product in bulk solution 
(31). However, brucite is stable only at low CO, partial pressures (32). At 
the levels of CO, found in ordinary atmosphere, brucite will react directly 
with CO, to form magnesite. The reaction then becomes: 


Mg (OH), + CO) w@ MgCO; +H,0 14 
Brucite Magnesite 


Magnesite is subsequently transformed to nesquehonite after 2-3 days of 
exposure according to: 


MgCO; +3H,0 w MgCO; -3H,0 7.8 
—- aa ee oe SE 
Magnesite Nequehonite 


After longer exposures hydromagnesite is formed: 


——— 


Nequehonite Hydromagnesite 
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Closer investigation revealed that beneath the crust of hydromagnesite, which 
was formed through the transformation of nesquehonite, brucite (MgOH)) 
was formed. Beneath the crust of hydromagnesite there is a limited transport 
of CO. Hence brucite can be formed in the pits, if the corrosion process 
is rapid and the hydromagnesite lid covers the pit, as was the case in this 
exposure. Brucite has a pH of 11.2 in saturated solutions. Therefore, as the 
brucite formation increases, the pH within the pit also increases. When the 
pit reaches the saturation pH value of brucite, the corrosion reaction slows 
down radically. Similar results were also obtained by Liu et al. (29) in the 
investigation of Mg alloy AM60 under thin electrolyte layers, where corrosion 
products Mg(OH), and compounds containing CO} could be found in heavily 
corroded areas. But only carbonate-containing products could be found in 
areas that were not affected by corrosion to the same extent. 


7.7.2. Corrosion products in the field 


For evaluation and comparison of Mg alloys, accelerated corrosion tests are 
commonly used in industrial research to simulate real conditions. However, 
in order to design corrosion tests that mimic the working environment of a 
Mg component, further understanding of the corrosion mechanisms of Mg 
alloys in the field is needed. Few studies (17, 19, 25-27, 30, 33-36) have 
been dedicated to the atmospheric corrosion of Mg alloys in the field. Most 
of the studies are older. In a recent investigation Mg alloys AZ91D and 
AMS0 were exposed for times ranging from 3 months up to 2 years (25) in 
urban and rural field stations in Sweden and a marine field station Sainte 
Anne du Portzic, Brest, France. At all the exposure sites the main corrosion 
product turned out to be hydromagnesite. Older studies report that similar 
corrosion products are formed on Mg alloys in the field. Godard et al. (26) 
refer to field studies where hydromagnesite (Mg5(CO3)4(OH). - 4H2O) and 
nesquehonite (MgCO; - 3H,O) were formed. In a more recent study by 
Takigawa et al. (30) magnesite was found to be the main corrosion product 
in marine atmosphere for the AZ91D alloy. For the AZ31B alloy with a lower 
aluminium content the corrosion products consisted of brucite magnesite 
and hydromagnesite. In addition, it was reported that crystalline Mg(OH)CI1 
was detected in marine environments (37). In some older studies, sulphur- 
containing corrosion products, such as MgSO, - 6H,O, have been reported to 
form on magnesium at urban industrial sites (26) as well as during exposure 
to SO, in laboratory investigations (21, 38). In the above-mentioned study 
(25) two differences can be noted between the corrosion products formed in 
the field and the corrosion product formed in the laboratory (22): 


e Firstly: On the field-exposed panels there were small contributions from 
sulphate ions. Since under the current field conditions only minor bands 
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caused by sulphate could be found, the results suggest that SO,-induced 
corrosion did not have any large impact on the exposed panels, probably 
due to too low SO, levels in the atmosphere at the exposure sites. 

e Secondly: Brucite (Mg(OH3)) could not be found on any of the field- 
exposed samples. In the laboratory, however, brucite could be detected 
after six days of exposure (22). In the field the corrosion products 
consisted exclusively of magnesium carbonates. However, Takigawa et 
al. (30) reported findings of brucite as a corrosion product of AZ31B 
in the marine environment. One explanation for the deviating results 
of the two studies can be a high corrosion rate of the AZ31B alloy. 
In that case brucite can be formed under a lid of carbonates (22) (as 
explained above). Another explanation can be that increasing aluminium 
concentration in Mg—Al alloys results in greater magnesium carbonate 
formation and lower amounts of Mg, MgO and Mg(OH),, as reported 
by Feliu et al. (16). 


With the exception of the two differences mentioned above, there are 
considerable similarities between the corrosion products formed on magnesium 
samples in the laboratory and those formed in the field. This indicates that 
the sequence found in the laboratory (22), according to which Mg(OH), 
will react with CO, in the surrounding air to form magnesite (MgCO3), and 
magnesite together with water will form hydromagnesite or nesquehonite, 
also applies to the field-exposed samples. 


7.8 Influence of microstructure on the atmospheric 
corrosion behaviour 


In engineering applications magnesium is seldom used in its pure form. 
Instead it is alloyed with other elements and these alloying elements often 
form various secondary phases and intermetallic particles in the alloy. The 
various phases in the microstructure have different chemical compositions 
and may also have different electrochemical properties. The phases may form 
anodic and cathodic areas during the electrochemical corrosion processes of 
the alloy. The different phases, acting as microelectrodes, can have a large 
impact on the corrosion behaviour of magnesium alloys, especially in bulk 
electrolyte. However, in the atmosphere the electrolyte layer is thin and 
hence the conducting path is narrower. The microelectrodes play a somewhat 
different role in this case, which can result in differences in the corrosion 
mechanisms. AZ91D is one of the most commonly used magnesium alloys 
and will in this chapter work as a model to illustrate the influence of the 
microstructure on the atmospheric corrosion of magnesium alloys. The 
microstructure of AZ91D typically consists of a matrix of primary O-phase 
grains (Fig. 7.2) (39). The grains have an aluminium content of around 4 
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7.2 SEM back-scattered image of AZ91D Mg alloy showing a-phase 
grains. In the grain boundaries the B-Mg,7Al,2 phase can be found 
(1). Between the a-phase and the a-phase a eutectic area of B-phase 
and o-phase precipitates. AlsMng inclusions are also present in the 
alloy (2). 


wt% in their middle. In the grain boundaries the B-phase (Mg,7Al,2) has been 
formed. The B-phase has an aluminium content of around 30 wt%. Between 
the B-phase and the o-phase a eutectic area of B-phase and o-phase can 
be found. The aluminium content in this phase varies between that of the 
a-phase and that of the B-phase. The AZ91D alloy also contains different 
intermetallic phases of AI-Mn type. These Al—-Mn intermetallics are often 
of the type n-AlgMns (39). Al-Mn has a small content of iron, in the range 
of ~1-3 at.% (39). It is well known that manganese has a high tendency to 
bind to iron to form various intermetallic particles (40, 41). Iron is often a 
result of impurities in the casting process (42). 


7.8.1. Characterisation of potential distribution and 
corrosion attack morphology in atmosphere 
conditions 


The corrosion processes of Mg alloys in the atmosphere as well as in solutions 
lead to corrosion attacks which are inhomogeneously distributed over the 
surface with a localised and preferential attack of some alloy constituents. 
The difference in the electrochemical properties of different phases and 
intermetallic particles in the alloys is of great importance for the corrosion 
mechanisms. It is therefore important to be able to measure the potential 
differences between the phases. During recent decades there has been a rapid 
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development of techniques for local electrochemical measurements, such as 
the scanning Kelvin probe force microscope (SKPFM) as well as methods 
for visualisation and quantification of corrosion attacks, such as atomic 
force microscopy, confocal microscopy and laser beam profilometry. The pit 
initiation, growth of the attack and the development of the corrosion attack 
morphology have been studied in detail by optical techniques such as confocal 
microscopy (15, 25, 43) and laser beam profilometry (44). Focused ion beam 
scanning electron microscopy (FIB/SEM) is another technique with great 
potential for detailed studies of the sub-surface micro- and nanostructures of 
corroded Mg alloys. Studies performed by FIB/SEM of atmospheric corrosion 
of Mg alloy AZ91 revealed corrosion morphologies related to the evolution 
of gas bubbles during the corrosion process (45). 

Investigations have been made (46-52) on the electrochemical properties 
of synthetically prepared phases in solution. However, these results are 
not directly applicable in the atmospheric environment, since the state of 
the surface of the different phases is altered rapidly in a bulk electrolyte. 
In an ambient atmosphere the surface state is different owing to the thin 
electrolyte layer, which leads to a different local chemistry at the aqueous/ 
metal interface compared with a bulk electrolyte. Measurements of the open 
circuit potential in atmospheric environment are difficult due to the thin 
aqueous layers which prevent the use of ordinary electrochemical techniques. 
However, it is possible to use techniques such as the scanning Kelvin probe 
(53-55) and SKPFM (56, 57) for investigation of the nobility, i.e. the Volta 
potential, of these phases in the atmosphere. The SKPFM can measure 
the Volta potential with a high resolution, making it possible to measure the 
Volta potential of the microconstituents of the alloy investigated. 

Using the calibrated SKPFM instrument (39), a typical grain within the 
microstructure of the AZ91D alloy was studied. The same grain was also 
examined using scanning electron microscopy/energy dispersive X-ray 
spectroscopy (SEM-EDx). The results can be seen in Fig. 7.3. A darker 
colour in this figure indicates a lower Volta potential. The B-Mg,7Al1,, phase 
is present at the grain boundaries, and the intermetallic particle AlsMn; can 
be seen as a white particle in the middle of the grain. From Table 7.5, where 
the Volta potential of the different phases is shown, it can be inferred that 
both the AlgMns particle and the B-Mg,7Al,. phase in AZ91D have a more 
noble potential than the a-Mg phase. It can also be seen that the variation 
of aluminium in the eutectic zone results in changes in the Volta potential 
that are large enough to be measured. Hence, since the potential difference 
between the AlgMns particle and the a-Mg phase is large, close to 400 mV, 
it can be assumed that the corrosion would be initiated in the a-Mg phase in 
the vicinity of the Al—Mn particles. It should be borne in mind that the Volta 
potential is to a large extent dependent on the top layer of the surface (i.e. 
the oxides), as discussed in Section 7.4 on oxides. An increase in aluminium 
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Table 7.5 Compositions and Volta potentials measured by SKPFM (at 40% RH and 
at 20°C) at points 1-4 in Fig. 7.3. 


Location Concentration (atom %) Phase Volta potential 
(mV vs. SHE) 
Mg Al Mn 
1 15.8 53.8 30.4 AlgMng -640 
2 93.8 6.1 0.1 a-Mg -1025 
3 89.2 10.6 0.2 Eutectical a/B-phase -805 
4 71.2 28.7 0.1 B-Mg17Aly2 -760 


in the bulk causes an enrichment of aluminium in the oxide film formed on 
the surface of Mg—Al alloys (12-14). Auger measurements indicated that 
the aluminium content of the oxides on the surface was related to the Al 
content in different constituents of the AZ91D alloy (15). 


7.8.2 The initial corrosion attack 


It is important to remember that the potential of the different constituents 
only shows the driving force of the process that is to take place, whereas 
nothing is said about the kinetics, which, as will be shown, are dependent 
on a number of factors. Usually potentiodynamic measurements are used to 
investigate the kinetics of an alloy and of synthetically prepared phases (51, 
52, 58). However, as is the case when measuring the corrosion potential, 
potentiodynamic measurements also require a bulk electrolyte. To get a more 
comprehensive idea about the atmospheric corrosion behaviour, the surface 
itself needs to be studied and other techniques have to be utilised. 
Confocal microscopy is an optical imaging technique that makes it possible 
to obtain a three-dimensional image of the surface of a sample. Using confocal 
microscopy, the initial stages of a corrosion attack can be seen. Figure 7.4 
shows an SEM image of an interesting part of the AZ91D magnesium surface. 
Marked by arrows, two intermetallic particles can be observed. The same 
areas were identified again, using confocal microscopy, after the samples had 
been exposed to humid air (95% RH) for 4 days (Fig. 7.5). After the corrosion 
products had been removed, the corrosion attack was clearly visible. No 
corrosion attack could be detected in the vicinity of either of the two AlgMn;s 
particles. Furthermore, the initiation of the corrosion attack was initiated in 
the largest o-Mg grain. However, both the Al—-Mn particles are embedded in 
areas where the aluminium content is high, i.e. the eutectic a-/B-phase or the 
B-phase, and the Al-Mn particles are not located in the vicinity of the a-Mg 
phase. In fact, due to the solidification process the majority of the AI-Mn 
particles can be found in the areas of a eutectic a-/B-phase (59, 60). Thus 
in atmospheric environments, where the electrolyte layer is thin, the driving 
force between the eutectic o-/ B-phase and the intermetallic Al-Mn particles 
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7.4 SEM image of the microstructure of AZ91D Mg alloy. Arrows 1 
and 2 point at intermetallic particles of the AlgMnz type. 


7.5 Confocal image of the same area as seen in Fig. 7.4. The area 
was exposed for 4 days in 95% RH, and the corrosion products were 
removed through pickling. Arrows 1 and 2 point at intermetallic 
particles of the AlgMng type. 


is not strong enough for the initiation of a corrosion attack in the vicinity 
of the Al—Mn particles due to the high aluminium content in the eutectic 
a-/B-constituent. Instead, as can be inferred from Fig. 7.5, the aluminium- 
containing phases, i.e. the eutectic a-/B-constituent and the a-phase, play a 
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more important role in the initiation process of a corrosion attack. A closer 
investigation of a sample exposed for 3 months in marine environment (Fig. 
7.6) reveals more about the influence of aluminium on the corrosion behaviour 
of the Mg alloy. The confocal image shows trenches that were formed at the 
boundary between the o-phase and the eutectic a-/B-constituent. The lines 
for the depth profile and the aluminium content exhibit a close similarity. 
It appears that the aluminium content in these trenches and in the rest of 
the grain is below 6% (Fig. 7.7). In the eutectic area the aluminium content 
increases and so does the corresponding depth profile line, indicating that 
the corrosion attack is not very severe in eutectic areas. The formation of 
the trenches suggests that a galvanic couple was formed between areas with 
a high and a low aluminium content and that the anodic process takes place 
in areas with an aluminium content below 6%. The initial corrosion attack 
in the largest grain seen in both Figs 7.5 and 7.6 can hence be explained by 
the lower aluminium content in these larger grains. 

These results were obtained with relatively low amounts of chloride 
contamination on the surfaces and in environments with larger chloride 
deposition on the surfaces this behaviour may not be observed readily since 
thicker electrolyte layers lead to an increased corrosion rate and rapid attack 
of the surface. Galvanic coupling of the grains with more noble intermetallic 
particles would then also be possible. The situation will be more similar to 
the corrosion process observed during immersion or in salt spray. Academic 
papers on the influence of the microstructure on the corrosion behaviour in 
atmospheric conditions are scarce (15, 25, 39, 43). But there is literature 
to be found on the influence of the microstructure in bulk solutions. In the 
case of corrosion in bulk solutions the role of the aluminium content in the 
a-phase is somewhat disputed. It has been reported that in solutions with 
a high pH the anodic activity of the a-Mg phase is increased when the 
aluminium content is increased to a certain level (49, 52, 61). Lunder et al. 
(52) measured current vs. time curves for binary alloys containing magnesium 
and up to 8% aluminium. They showed that a small amount of aluminium 
content (up to 8%) in the a-phase leads to higher anodic activity. Similar 
results have been reported by Song et al. (49) and Lee et al. (61). Song et al. 
(49) made electrochemical measurements of binary Mg—A] alloys containing 
Mg-2%AI and Mg-9%AI. They showed that if the a-grain is only weakly 
polarised anodically, the dissolution rate of Mg—2%A\ is higher than that of 
Mg-9%Al, but lower if the anodic polarisation is strong. Hence, the eutectic 
c-/B-area would corrode to a greater extent in solution. 

In order to understand the initial steps of the atmospheric corrosion 
process, the Volta potential of a magnesium grain was examined by means 
of SKPFM. Figure 7.8 shows an SEM image of part of the AZ91D surface 
together with the corresponding Volta potential image. Comparing the EDX 
measurement from Fig. 7.9 with the Volta potential measurement along the 
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7.9 Aluminium content measured with SEM-EDX of lines L1 and L2 in 
Fig. 7.8. 


same lines (Fig. 7.10), it can be seen that the Volta potential follows the 
aluminium content in the grains and that areas with a higher aluminium 
content give a higher Volta potential. Further the aluminium content in the 
different grains is dependent on the sizes of the grains. More accurately, 
the aluminium content in the grains is dependent on the cooling rate, and 
a high cooling rate results in small grains with a high aluminium content. 
In the same way the SKPFM measurement shows that the Volta potential 
for the same areas is also dependent on the grain size, the smallest grains 
giving the highest Volta potential and vice versa. Hence the lower potential 
of the larger grains explains the primary corrosion attack on these grains. The 
results indicate that a higher aluminium content in the grains is beneficial 
for the corrosion behaviour under atmospheric conditions. 


7.8.3 Model of the atmospheric corrosion process over 
time 

Based on the results of the present work a schematic model was produced, 

describing the influence of the microstructure on corrosion behaviour and 


the development and formation of corrosion products during atmospheric 
corrosion. This model is schematically presented in Fig. 7.11. 
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7.10 Volta potential of lines L1 and L2 in Fig. 7.8. 


Initially (Fig. 7.11(a)), the anodic dissolution occurs at the location where 
electrolyte droplets are present on the surface and where the CI content is 
high. CO, diffuses through the water droplets, and reacts with the Mg(OH), 
formed by the anodic dissolution of Mg. This results in rapid formation of 
magnesium carbonate magnesite. As long as sufficient oxygen is present at 
the reaction sites on the surface, the cathodic reaction is probably to a large 


© Woodhead Publishing Limited, 2011 


292 Corrosion of magnesium alloys 


“* Nesquehonite ee i 
ae 


e 
rg 


7.11 A schematic image of the corrosion process of magnesium alloy 
AZ91D. A discussion of steps (a) to (c) follows in the text. 


extent due to oxygen reduction. In the cathodic areas, the pH increases due 
to the formation of OH” by the cathodic reaction. The dissolution of CO, 
in the surface electrolyte causes a pH decrease, which is favourable for the 
aluminium-containing surface film. Looking at the microstructure of the alloy, 
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the large grains are mainly attacked due to the lower aluminium content of 
these grains. A microgalvanic element is formed between the o-phase and 
the eutectic o-/B-phase, and this results in trenches in the a-phase, where 
the aluminium content is low. 

After some days of exposure (Fig. 7.11(b)) the whole grains are corroded 
away, mainly due to the galvanic coupling between the a-phase and the 
eutectic a-/B phase, which results in the formation of deep pits which can 
be seen after a few days of exposure (15). The corrosion product magnesite 
is hydrated into nesquehonite. It is also possible that brucite starts to form 
due to a low CO, content at the bottom of the pit at this stage. 

After longer exposure periods the corrosion (Fig. 7.11(c)) also starts to 
affect the grains in the vicinity, even the grains with a smaller size and a 
higher aluminium content and hence with higher corrosion resistance. The 
corrosion product nesquehonite is transformed into magnesium carbonate 
hydromagnesite, which forms a lid on the surface that hinders the transport 
of species such as CO, and O, through the crust. The low CO, content in 
the pit explains why brucite is not transformed into magnesite, which would 
be the case in ambient atmospheres. Further, the absence of CO, and the 
formation of brucite indicate that the pH is higher in the pits compared to 
the surface. The higher pH in the pits is unfavourable for the aluminium- 
containing phases, although aluminium is passive in neutral solutions. It has, 
however, an increased corrosion rate in alkaline solutions (48, 52). Hence 
the aluminium-containing phases, i.e. the eutectic o/B constituents and the 
B-phase, are affected by corrosion. More severe corrosion attacks can be seen 
when these phases are corroded away. Since water is present beneath the 
crust, and the oxygen is probably depleted, the cathodic reaction is most likely 
dominated by water reduction. Closer to the bottom of the pit all components 
for the corrosion process are present, and hence the corrosion process can 
proceed with little exchange with the surrounding atmosphere. At this stage 
the corrosion attack is more of a general nature, with hemispherically shaped 
corrosion patterns. 


7.9 Differences between field-exposed magnesium 
(Mg) and accelerated tests 


To evaluate magnesium alloys both immersion and salt spray tests are 
often used. Table 7.6 shows corrosion rates obtained after different types 
of accelerated corrosion tests taken from the literature (52, 62, 63). The 
corrosion rates show a wide scatter. For some of the accelerated corrosion 
tests such as the immersion in NaCl solution the corrosion rates are extremely 
high. 

Two major factors differentiate the laboratory from the field. 
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Table 7.6 Corrosion rate of Mg AZ91D, given in um/year, 
in different accelerated corrosion tests taken from the 
literature (52, 62, 63) 


Corrosion rate 


Lunder et al.’ (52) 2307.47 
Wei et al.” (62) 62.9 
Isacsson et al.? (63) 49.95 


13 days’ exposure in 5%NaCl saturated with Mg(OH,). 
2 10 days’ exposure NaCl spray test in accordance with 
ASTM B117. 

3 6 weeks’ exposure in climatic chamber with cyclic RH 
immersion in 1% NaCl 5min twice a week. 


Firstly: The pH of the electrolyte is a factor of great importance for the 
corrosion properties of Mg—Al alloys. It has been shown that the pH 
has a profound effect on the activity of the Mg—Al phases (48, 52, 64). 
Corrosion potential data show that Mg is stable in alkaline solutions and 
exhibits an increasing corrosion rate in decreasing pH, while aluminium 
is passive in neutral solutions but active and suffers a high corrosion rate 
in alkaline solutions (48, 52). Ambat et al. (64) tested the corrosion rate 
of AZ91 in three different pH values, 2.00, 7.25 and 12.00, respectively, 
the corrosion rate increases in the following order, pH 7.25 < pH 12.00 
< pH 2.00. On the other hand it has been reported that pure magnesium 
has a corrosion rate 26 times lower at pH 12 than at pH 8.5 (52), due 
to the passivation of magnesium in alkaline environments. Hence, pH 
influences the corrosion rate in completely different ways depending 
on the proportion of magnesium and aluminium in the material tested. 
Measuring the corrosion properties of Mg alloys in solutions in a closed 
vessel the pH will increase to 10.5 within hours (46). This is due to the 
release of Mg(OH), that is the main corrosion product in the absence 
of CO, (21). The high pH is detrimental to the protective aluminium 
oxide containing surface layer resulting in a selective dissolution of 
aluminium in the outermost layers of the surface (52, 61). In contrast, 
during atmospheric conditions the electrolyte layer is thin and the 
corrosion products consist of magnesium carbonates (22). The dissolution 
of CO, on the surface electrolyte causes a decrease in the pH (21). The 
surface film on Mg—AI alloys, that contains a high Al content (9, 10, 15), 
will stabilise due to the more neutral pH, thus increasing the corrosion 
protective properties of the oxide film. 

Secondly: The electrolyte layer is another aspect that differentiates the 
laboratory from the field. To accelerate the corrosion process in the 
laboratory, high relative humidity or bulk electrolyte is used, often 
together with high amounts of NaCl. A higher relative humidity results in 
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a thicker electrolyte layer and similarly higher amounts of NaCl applied 
on the surface increase the thickness and the hence the conductivity of 
the surface electrolyte, which of course will have an influence on the 
corrosion behaviour. Rozenfeld (17) has shown that with a decreasing 
thickness of the electrolyte film both magnesium and aluminium are 
able to polarise towards more positive values before the metals go into 
an active state. Not surprisingly aluminium can polarise towards more 
noble values than magnesium before going into an active state. Hence the 
degree of passivity of magnesium and aluminium increases with a thinner 
electrolyte layer, due to the easy access to oxygen, and consequently the 
ability to withstand corrosion increases under thin electrolyte layer. Also 
the cathodic ability is affected by a thinner electrolyte layer (17). If there 
is an easy access to oxygen, as is the case in under thin electrolyte layers, 
oxygen reduction will be the preferred cathodic reaction. The thicker 
electrolyte also results in a higher conductivity on the surface. A better 
conductivity of the electrolyte layer allows a greater separation between 
the local anode and cathode on the surface. In a bulk electrolyte, the 
conductivity between the different micro constituencies is high. Thus, 
galvanic coupling is possible without any larger ohmic potential drop in 
the solution. Hence the micro-constituents, such as the R-phase and the 
Al-Mn phases, will play a more important role as cathodes in the corrosion 
process. In contrast during field conditions a larger ohmic potential drop 
will be formed in the thin water layer on the surface. This decreases the 
possibility of galvanic coupling of alloy constituents located at larger 
distances from each other. In conclusion, during accelerated tests, such 
as immersion tests in NaCl solution or salt spray test, the protective 
abilities of aluminium-rich phases are reduced and the importance of 
the micro-constituencies on the surface is enhanced. 


7.10 Concluding remarks 


Even though magnesium has very low nobility and a reputation to readily 
corrode, the corrosion rate of bare magnesium panels is, in both marine 
and mobile field exposures, considerably lower than the corrosion rate of 
carbon steel. Atmospheric corrosion is triggered by a thin aqueous layer 
formed on metal surfaces in the presence of humid air. This thin aqueous 
layer varies in thickness depending on the atmospheric condition, and 
the deposition of particles and gases, In marine atmospheres and other 
chloride-containing environments, corrosion attacks are triggered by the 
formation of chloride-containing aqueous films on the surface. Owing to 
the presence of alloy constituents with different nobility and the presence 
of the conductive electrolyte layer, microgalvanic elements are present on 
the surface during corrosion. Gaseous constituents, such as CO., are more 
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important in atmospheric conditions, compared with corrosion of Mg alloys 
in bulk solutions. The corrosion products formed in atmospheric conditions 
are mostly magnesium carbonate, indicating that CO, is readily solvated in 
the thin electrolyte layer. The CO, lowers the pH in areas on the surface 
which are alkaline due to the cathodic reaction and stabilises the aluminium- 
containing corrosion product film that is present on the aluminium-rich phases 
and results in increased corrosion protection. Corrosion product composition 
was similar on field exposed samples and dominated by magnesium carbonates 
and only small contributions from sulphate-containing corrosion products. 
This reflects the decreasing levels of SO, resulting in smaller impact of 
SO,-induced corrosion on magnesium, at least in western countries. The 
microstructure of the Mg alloys is also of vital importance to the corrosion 
behaviour in atmospheric conditions. However, in atmospheric conditions the 
electrolyte layer is thin, which decreases the possibility of galvanic coupling 
of alloy constituents located at larger distances from each other. This means 
that intermetallic constituents such as Al-Mn phases are less important under 
atmospheric conditions, even though these have a high potential compared 
with the surrounding matrix. Further, the potential of other aluminium-rich 
phases is related to the aluminium content. A high aluminium content in 
the grains leads to a higher protective ability of the aluminium-containing 
surface film. The corrosion attack, both in the laboratory and under field 
conditions, is initiated in large O-phase grains due to the lower aluminium 
content in these grains. 
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Abstract: This chapter reviews current research into stress corrosion 
cracking (SCC) in magnesium (Mg) alloys, particularly intergranular stress 
corrosion cracking (IGSCC) and transgranular stress corrosion cracking 
(TGSCC). 

A nearly continuous second phase along grain boundaries causes IGSCC. 
The second phase accelerates corrosion of the adjacent matrix by micro- 
galvanic corrosion; the applied stress opens the crack and allows propagation 
through the alloy. IGSCC can be avoided by appropriate Mg alloy design. 
TGSCC is the intrinsic form of SCC. This is caused by an interaction of 
hydrogen (H) with the microstructure, so a study of H-trap interactions is 
needed to understand this damage mechanism, and in order to design alloys 
more resistant to TGSCC. This understanding is urgently needed if Mg 
alloys are to be used safely in service because prior research indicates that 
many Mg alloys have a threshold stress for SCC of the order of half the 
yield stress in common environments, including high-purity water. 


Key words: magnesium, corrosion, stress corrosion cracking. 


8.1 Introduction 


Magnesium (Mg) alloys are starting to be used in structural applications 
and new classes of wrought Mg alloys are emerging. Their stress corrosion 
cracking (SCC) behaviour has not been characterised. Clearly, significant 
risk of SCC would negate much of the potential for application of stressed 
Mg-alloy auto-components exposed to road spray or stressed medical parts 
in contact with body fluids. This chapter provides a surprising indication 
that SCC could occur at a stress as low as 30% of the yield stress for a high 
Al-containing alloy under certain environmental conditions. Some common 
alloys (such as AZ91, AZ31 and AM30) are susceptible to SCC failure even 
in a mild environment such as distilled water. This implies that the SCC 
threshold can be easily met in automotive and medical applications. The most 
important implication is that SCC will be an issue for Mg—alloy structure 
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parts in automotive and medical applications. Urgently required are more 
detailed investigations in this area with existing and new Mg alloys that 
may be used in the auto industry and for stressed medical applications. This 
chapter provides a basis for future research work in this area. Moreover, in 
automotive and medical applications, another big concern for Mg parts in 
service is their corrosion fatigue performance. There is a shortage of this 
knowledge for Mg alloys. Owing to the close relationship between SCC and 
corrosion fatigue, this chapter should provide some insight in this unknown 
area as well 

The chapter builds on our critical reviews on Mg corrosion [1—4] and 
Mg SCC [5,6]. SCC [5-8] involves: (1) a stress, (2) a susceptible alloy and 
(3) an environment. SCC is related to hydrogen embrittlement (HE). HE is 
SCC that is caused by hydrogen (H), which can be gaseous, can come from 
corrosion, or can be internal from prior processing. HE is often postulated as 
the SCC mechanism. SCC can be extremely dangerous. Under safe loading 
conditions, SCC causes slow crack growth. Fast fracture occurs when the 
crack reaches a critical size. SCC, for any alloy + environment combination, 
can be characterised by [7,8] the threshold stress, ogcc, the threshold stress 
intensity factor, K,scc, and the stress corrosion crack velocity. 

SCC is typically attributed to mechanisms related to dissolution or 
embrittlement. Figure 8.1 illustrates an embrittlement mechanism: (1) an 
embrittled region forms ahead of the crack tip, (2) there is a crack propagation, 
(3) the crack stops as it enters the parent material, and (4) the process recurs 
when an embrittled region has re-formed. Corrosion is an important issue 
for Mg [1-3,5,10—13], and much research has documented corrosion of Mg 
alloys in common environments such as 3% NaCl [14-58]. 
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8.1 Model for transgranular stress corrosion cracking (TGSCC) [9]. 
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Mg alloys are susceptible to SCC, but it was proposed that pre-1980s 
service failures were rare [59,60]. This includes (1) airplane panels examined 
by Dow, (2) failures of a number of forged AZ80 French aircraft components, 
apparently resulting from excessive assembly and residual stresses, and (3) 
service failures of cast and forged South African Mg aircraft wheels. Speidel 
and Fourt [61] estimated that 10 to 60 aerospace Mg component SCC service 
failures occurred each year from 1960 to 1970. More than 70% involved 
either cast AZ91-T6 or wrought AZ80-F. Unpublished work by MEL, and 
confidential industrial reports from the USA, indicate some incidents of SCC 
for Zr-containing alloys [62]. The section on Mg SCC in the ASM Handbook 
[63] can be summarised as follows. Mg alloys containing more than 1.5% 
Al are susceptible to SCC. Wrought alloys appear more susceptible than 
cast alloys. While there is little documentation of service SCC of castings, 
laboratory tests can cause SCC at tensile loads less than 50% of the yield 
stress in environments causing negligible corrosion. The low incidence of 
service SCC failures is attributable to low service stresses [63]. 

The incidence of SCC may increase because Mg parts are increasingly 
used in structural applications compared with the previous non-structural 
applications. Service conditions are becoming more severe, particularly in 
the automobile industry, where cast Mg components are increasingly used 
in load-bearing applications. Automobile examples include: engine blocks, 
transmission housings, engine oil pans, wheels, and structural body castings 
such as engine cradles, instrument panels, doorframes, body connectors 
and cross-members. Humid air is no longer the only environment that is of 
concern. Road splash of aqueous chloride solutions must also be considered. 
Light weighting produces a significant drive for designers to decrease section 
sizes to reduce weight. Moreover, loaded Mg components are increasing in 
complexity. Galvanic, localised, or intergranular corrosion, and thinning by 
uniform corrosion, could initiate SCC. 

Our critical reviews [5,6] and our research [36,37,64—70] elucidated 
critical aspects of Mg SCC. This chapter provides an update on Mg SCC, 
based on our understanding of Mg corrosion [1-3], SCC [7,8,71-85], HE 
[86-89], corrosion fatigue (CF) [90-93], diffusion [88,89,94] and passivity 
[95-97]. 


8.2 Alloy influences 


8.2.1 Pure Mg 


Pure Mg is susceptible to SCC [60,98-102]. Winzer et al. [102] found 
transgranular stress corrosion cracking (TGSCC) for pure Mg in 5 g/L 
NaCl. Meletis and Hochman [99] reported crystallographic TGSCC for 
99.9% pure Mg ina chloride-chromate solution. Fracture was cleavage-like, 
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consisting of flat, parallel facets on {2203} planes separated by steps also 
on {2203} planes. The cleavage was attributed to a reduction in the surface 
energy due to atomic H or to Mg hydride. Stampella et al. [101] reported 
SCC for commercial purity (CP) Mg (99.5% Mg) and high purity (HP) Mg 
(99.95% Mg) in deaerated, pH = 10, 103M Na,SO, solution (Fig. 8.2). 
They proposed that SCC occurred by cleavage facilitated by atomic H in 
solid solution based on: 


e the load—elongation curves for specimens tested in the solution were 
similar to those of pre-exposed specimens; 

e embrittlement of pre-exposed specimens was partly reversible by storing 
for 24h in a desiccator; 

e SCC was invariably accompanied by pitting; 

e SCC was prevented by cathodic polarisation, which inhibited pitting; 

e SCC fractures were cleavage-like. 


Stampella et al. [101] found that the crack morphology was exclusively 
TGSCC for fine grain (0.025 mm) CP Mg, whereas larger grain (0.075 mm) 
HP Mg produced mixed TGSCC and intergranular stress corrosion cracking 
(IGSCC). 

Lynch and Trevena [98] studied SCC of cast 99.99% pure Mg in aqueous 


Load (kN) 


aL ) Material: Pure Mg 


e@Air 

Na SO, (-1.16V) 

APre-exposure Na,SO, (-1.16 V) 

OPre-exp. NazSO, (-1.16V) +24h desiccator 


0 ! | | 
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8.2 Load vs. elongation at a strain rate of 5.7 ©10°s"' for 
commercial purity Mg, with anodic polarisation to -1.16V: @ stressed 
in air; O, X stressed in Na,SO, solution; A pre-exposed to Na,SO, 
solution, stored for 24h and stressed in air [101]. 
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3.3% NaCl + 2% K,CrOy, solution, by cantilever bending of specimens at 
various deflection rates up to high rates. They proposed that SCC occurred 
by localised micro-void coalescence resulting from dislocations at crack 
tips, due to weakening of inter-atomic bonds by adsorbed H atoms. They 
observed concave features on opposing fracture surfaces, so that the opposing 
fracture surfaces were not matching. They suggested that tubular voids 
were nucleated at intersections of {0001} and {101X} slip bands resulting 
in a fluted fracture surface parallel to {101X} planes (Fig. 8.3). There was 
fractographic evidence of SCC for crack velocities between 10~° and 5 
10° m/s. They proposed that SCC was induced by adsorption of H since 
insufficient time was available for H diffusion or localised dissolution at the 
fastest crack velocities. At the lower velocities, it was conceded that there 
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might be some H diffusion ahead of the crack tip. There was no fractographic 
evidence of Mg hydride. 


8.2.2 Alloy composition 


Table 8.1 presents values of the SCC threshold stress for common Mg 
alloys [5]. 


Influence of Al 


Al in Mg alloys increases strength and fluidity in casting. Mg—Al alloys are 
susceptible to SCC [63,100,101,103—109] in air, distilled water and chloride- 
containing solutions. SCC-induced fractures may occur at stresses as low 
as 50% of the yield strength. Figure 8.4(a) shows that SCC susceptibility 
increased as the Al content increased from 1% to 8% [106]. If the failure 
stress at 100000s is compared with values of tensile yield stress [110,111], 
the (ratio of failure stress)/(tensile yield stress) decreases to values somewhat 
lower than those in Table 8.1. The tensile stress values are for comparable 
material but may not be exactly the same as those in [106]. Nevertheless, 
Fig. 8.4 does indicate the high SCC susceptibility of some alloys. 

Miller [107] showed SCC in distilled water for the popular alloys AZ91, 
AM60 and AS41. The time to failure data, for experiments lasting up to 
500 days, indicated an SCC threshold at ~ 40-50% of the yield strength 
for all three alloys. Miller found the same SCC behaviour in HP AZ91 and 
AZ91-0.01% Fe (AZ91 containing a high iron content of 0.01%). Arnon 
and Aghion [108] found SCC in AZ31 in 0.9% NaCl. Chen et al. [109] 
observed TGSCC for AZ91 in 0.5 M MgCl, with the threshold stress ~ 1/3 
yield stress. There was also TGSCC in more dilute solutions to 0.005 M. 


Table 8.1 SCC threshold stress for common Mg alloys [5] 


Alloy, environment Oscc 

HP Mg, 0.5% KHF, 60% YS 
Mg2Mnh, 0.5% KHF2 50% YS 
MgMnCe, air, 0.001N NaCl, 0.01Na,SO, 85% YS 
ZK60A-T5, rural atmosphere 50% YS 
QE22, rural atmosphere 70-80% YS 
HK31, rural atmosphere 70-80% YS 
HM21, rural atmosphere 70-80% YS 
HP AMB6O, distilled water 40-50% YS 
HP AS41, distilled water 40-50% YS 
AZ31, rural atmosphere 40% YS 
AZ61, costal atmosphere 50% YS 
AZ63-T6, rural atmosphere 60% YS 
HP AZ91, distilled water 40-50% YS 
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8.4 (a) Initial applied stress vs. time to failure for various Mg-Al 
alloys in chloride-chromate solutions [106]. (b) Dependence of Al 
content on (i) failure stress at 100000s from (a) [104], (ii) tensile 
yield strength for AZ10, AZ31 [110], AZ61 and AZ80 [111], and (iii) 
ratio of (failure stress)/(tensile yield strength). (Data from “ASM 
Handbook online, ASM International, Materials Park, OH, 2002; 


“Magnesium Electron (Private communication); *** L. Fairman, H.J. 
Bray, ‘Transgranular SCC in magnesium alloys; Corrosion Science, 11 


(1971) 5330541.) 


An HE mechanism was postulated. Kannan and Raman [112] found small 
decreases of strength and ductility for AZ91 in a simulated body fluid using 
the constant extension rate test (CERT); these decreases usually indicate 
SCC although the decreases were claimed to be insignificant. 
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Makar et al. [113] showed that (i) increasing Al from | to 9% increased 
the repassivation rate of Mg alloys, attributed to the superior passivation of 
Al, and (ii) Al extended the pH range over which Mg alloys form a protective 
film. By analysing the Mg(OH), surface film formed in aqueous environments 
using X-ray and electron diffraction, Fairman and Bray [106] proposed that 
two Al** ions replace three Mg”* ions in the tetrahedral Mg(OH), lattice, 
resulting in vacant lattice sites. The resulting film was thicker and was 
considered more protective. This was used to explain the perceived increased 
general corrosion resistance of Mg—Al alloys. 


Influence of Zn 


Zn was reported to increase SCC susceptibility [60], although this was 
disputed by Fairman and Bray [106]. Mg—Zn alloys containing rare earths, 
such as ZExx, are considered to have moderate SCC susceptibility relative to 
Mg-—Al-Zn alloys. AZxx alloys contain both Al and Zn and are considered 
particularly susceptible in air and chloride-containing solutions. They are 
also the most common, which is one reason why many studies have focused 
on Mg-Al alloys [114-120], Mg—Al-Zn alloys [104, 106,121—125] and pure 
Mg [98, 99,101]. 


Influence of Mn 


Mg-—Mn alloys were considered to be immune in the atmosphere, chloride 
solutions and chloride—chromate solutions [60], but are susceptible (i) in 
the atmosphere and in distilled water [126], (ii) in solutions containing 
chloride and sulphate ions [126], (iii) and Mn—2%Mn-0.5%Ce showed SCC 
in distilled water and 0.5% KHF [119]. Timonova [127] stated that addition 
of Mn or Zn to Mg-8% Al decreased susceptibility; however, addition of 
both elements increased susceptibility. 


Influence of rare earth (RE) elements 


Mg alloys incorporate rare earth (RE) elements [128] to improve (i) creep 
resistance, which is primarily achieved by RE-containing phases along grain 
boundaries [129,130], (ii) castability, (iii) age hardening [131], and corrosion 
resistance [132]. Chang et al. [132] reported that Mg—3Nd-0.2Zn-0.4Zr had 
a corrosion rate lower than AZ91D. Nordlien et al. [133] reported that RE 
elements improved passivation. Krishnamurthy ef al. [134] suggested that 
pseudo-passivation in rapidly solidified Mg—Nd was due to Nd enrichment 
at the surface. 

The literature on SCC of RE containing Mg alloys is limited [5,68,128]. 
Winzer et al. [5] indicated that Nd had little or no influence on SCC 


© Woodhead Publishing Limited, 2011 


Stress corrosion cracking (SCC) of magnesium (Mg) alloys 307 


susceptibility, whereas Rokhlin [128] reported that Nd addition to Mg—Zn—Zr 
increased SCC resistance. Kannan et al. [68] found SCC for three RE alloys 
(ZE41, QE22 and EV31A) and AZ80 in 0.5 wt% NaCl and in distilled water. 
TGSCC in AZ80, ZE41 and QE22 in distilled water and in AZ80 in 0.5 wt% 
NaCl was consistent with HE, whereas IGSCC in ZE41, QE22 and EV31A 
in 0.5 wt% NaCl was caused by micro-galvanic corrosion associated with 
the second phase along grain boundaries (Fig. 8.5). 


Influence of Fe 


Fe is present only as an impurity, and significantly increases the corrosion 
rate [1,2,15,100] above the tolerance limit. Perryman [119] reported that 
Mg-SAI + 0.13%Fe had SCC susceptibility in distilled water higher than 
Mg-SAI + 0.0019% Fe. Similarly, Pelensky and Gallaccio [105] reported that 
SCC susceptibility for Mg—5AI alloys increased with Fe concentration and 
Pardue et al. [125] reported that the fraction of TGSCC in AZ61 increased 
with Fe concentration. In contrast, Fairman and Bray [106] stated that Fe 
contributes to general corrosion but has minimal effect on SCC. Similarly, 
Miller [107] found equivalent SCC susceptibility in distilled water for low 
purity (0.010% Fe) and HP AZ91 and Timonova [127] reported that Fe had 
no effect on the SCC of Mg—Al—Zn—Mn alloys. Intermetallic FeAl could 
increase SCC susceptibility [104,119,135]. Priest et al. [104] postulated that 
FeAl occurs on the basal plane, and that FeAl causes SCC by preferential 
corrosion of the adjacent matrix; however, there was no evidence of FeAl 
on basal planes. 


Other elements 


Reports are varied on other elements. Li, Ag, Nd, Pb, Cu, Ni, Sn and Th 
have little or no influence on SCC susceptibility [60,100]. Busk [103] stated 
that cast Mg—Zr alloys have negligible SCC whereas the ASM Handbook 
[100] states that alloys containing Zr and rare earths have intermediate SCC 
susceptibility in atmospheric environments. Cd, Ce and Sn may increase 
susceptibility in certain alloys [100, 127]. Conversely, Rokhlin [136] reported 
that addition of Cd and Nd to Mg—Zn—Zr increased SCC resistance. 


8.2.3 AZ91, AZ31 and AM30 


Winzer et al. [37] characterised SCC of AZ91, AZ31 and AM30 in distilled 
water using the CERT and the linearly increasing stress test (LIST) [69,82]. 
AZ91 consists of an o-matrix with a significant amount of B-phase, whereas 
AZ31 and AM30 consisted essentially only of an o-matrix with an Al- 
concentration similar to that in the a-phase of AZ91. AZ91, AZ31 and AM30 
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8.5 SCC of RE-containing Mg alloys in 3.5% NaCl. (a) ZE41: 
predominantly IGSCC with isolated TGSCC, arrows; (b) EV31: IGSCC 
with some TGSCC, arrow; and (c) QE22: IGSCC and TGSCC, arrow 
[68]. 
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were susceptible to SCC in distilled water (Fig. 8.6), so water itself is the 
key environment factor. A TGSCC tendency is expected for all aqueous 
solutions unless there is clear contrary evidence. The mechanism for SCC 
initiation in AZ31 and AM30, under CERT conditions, involved localised 
dissolution at stresses significantly higher than for AZ91. A mechanism 
involving mechanical film rupture at emerging slip steps seems likely. The 
mechanism for crack initiation in AZ91 involves fracture of B-particles close 
to the surface, with H ingress facilitated by mechanical rupture of the surface 
film; a similar mechanism is proposed for crack propagation. 

The threshold stress, ogcc, was measured using a DC potential drop 
(DCPD) technique (Fig. 8.7). The threshold stress was 55—75 MPa for AZ91, 
105-170 MPa for AZ31 and 130-140MPa for AM30. SCC susceptibility 
increased with decreasing strain rate. The low oscc of AZ91 is attributed 
to: (i) the tendency for the B-particles to fracture; and (ii) their behaviour 
as reversible H traps, which enhance H transport within the matrix. This 
implies that the increasing susceptibility of Mg alloys to SCC with increasing 
Al concentration is related to B-particles. Generalisation implies low SCC 
resistance for two-phase Mg alloys if there is an H influence on the fracture 
of the second phase. 

The stress corrosion crack velocities for AM30 (V, = 3.6 «© 1071°-9.3 
co 10°!°m/s) were slower than for AZ91 (V, = 1.6 © 10°°-1.2 < 10° m/s) 
and AZ31 (V, = 1.2 © 10°°-6.7 © 10-’ m/s). This is consistent with a lower 
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8.6 Stress vs. apparent strain curves for AZ91 in distilled water and 
air under CERT conditions. 
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8.7 DCPD vs. stress curves for AZ31 in distilled water and air under 
CERT conditions showing threshold stress values. This technique 
works equally well for LIST and similar threshold values are 
measured. 


H diffusivity in the o-phase in the absence of Zn. AM30 has a similar Al 
concentration as AZ30, but there is no Zn. 

AZ91, pre-charged in gaseous H, at 3 MPa for 14h at 300°C, fractured 
just above the yield stress, oy, without apparent plastic strain or reduction 
in load. This is consistent with a mechanism involving the formation and 
fracture of a brittle hydride phase. 


8.2.4 Wrought vs. cast 


Influences of microstructure, composition and strain rate for SCC of cast 
alloys are similar to those of wrought alloys. SCC susceptibility is influenced 
by (i) the presence and distribution of the B-phase, (ii) grain size and (iii) 
residual stresses. These factors are related to processing (casting or mechanical 
working) and heat treatment. 

Figure 8.8 shows that the SCC susceptibility for sand-cast AZ63 in a rural 
atmosphere was lower than for extruded or rolled AZ61 [137]. This may be 
due to the residual stresses resulting from extrusion or rolling or may be due 
to surface pick up of Fe during rolling [138]. Stephens ef al. [139] reported 
that cast AZ91E-T6 was highly susceptible to SCC in 3.5% NaCl. Lynch 
and Trevena [98] reported SCC in as-cast 99.99% pure Mg in 3.3% NaCl + 
2% K»yCrO4. The casting process can influence SCC susceptibility. Makar 
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8.8 Long-term rural atmosphere SCC susceptibility, as characterised 
by normalised applied stress as a percentage of yield strength and 
time to failure and wrought Mg alloys with similar composition. 


et al. [113] compared the TGSCC of HP rapidly solidified (RS) and as-cast 
(AC) Mg-IAlI and Mg-9AI in 3.5% NaCl + 4.0% K,CrO,, pH 9.0. They 
found that, although the overall current densities for RS and AC alloys were 
similar, repassivation occurred more quickly in the RS alloys, while corrosion 
in AC alloys was more severe and localised. The greater localised corrosion 
resistance and higher repassivation rate of the RS alloys was attributed to 
greater compositional and microstructure homogenisation. Rapid solidification 
increased the solubility of Al in the Mg matrix from around 2% (for as-cast 
alloys) to between 5 and 9%. Therefore AC alloys were more likely to contain 
Mg)7Al; grain-boundary precipitates. Similarly, Mathieu ef al. [140] stated 
that the concentration of Al in the primary a matrix for AZ91D is 1.8% for 
die-castings and 3% for semi-solid castings. The uniformity and corrosion 
protection provided by the surface film depends on the composition. AC 
alloys tended to be less uniform and have more localised corrosion due to 
galvanic interactions with the second phase. Localised corrosion can assist 
SCC by providing film-free surfaces for easy H ingress [120]. 

SCC resistance is reduced by residual tensile stress [100]. Timonova et al. 
[141] found reduced SCC resistance for Mg—Y—Zn alloys in NaCl following 
hot deformation, and that resistance was partly recovered by annealing, 
attributed to the removal of residual tensile stresses. Marichev and Shipilov 
[142] observed anisotropic SCC resistance of hot rolled Mg—Y—Zn. Chakrapani 
and Pugh [115, 117] proposed that SCC occurred by cleavage on {3140} 
planes for hot-rolled Mg—7.5Al in 4% NaCl + 4% K,CrO,. The cleavage 
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planes were orientated perpendicular to the rolling plane, so, for specimens 
loaded in bending, the direction of crack propagation was defined by the 
orientation of the tensile face with respect to the rolling plane. Timonova 
et al. [141] stated that for Mg—Y—Zn alloys formed by hot deformation, all 
anisotropy was removed by annealing. 


8.2.5. TGSCC vs, IGSCC 


Many workers [60] have stated that most SCC occurs by TGSCC. Others 
[99,101,104,124] claim that IGSCC is dominant. There are different 
mechanisms for IGSCC and TGSCC. The mechanism is determined by the 
microstructure and the environment. Pardue et al. [125] proposed that TGSCC 
is discontinuous and involves alternating fracture and dissolution whereas 
IGSCC is continuous and completely electrochemical. It also appears that H 
mechanisms may produce both TGSCC and IGSCC, depending particularly 
on the grain size. Stampella et al. [101] observed TGSCC for fine grained 
(0.025 mm) 99.5% CP Mg whereas mixed TGSCC-IGSCC occurred for 
large-grained (0.075mm) 99.95% HP Mg. IGSCC was attributed to the 
large grains being subject to higher stresses across grain boundaries, due to 
more concentrated dislocation pile-ups. In contrast, Meletis and Hochman 
[99] reported TGSCC for 99.9% purity Mg, heat-treated and furnace cooled 
to produce large grains. Stampella et al. [101] used a dilute 10° Na,SO, 
solution while Meletis and Hochman [99] used a chloride—chromate solution, 
suggesting that crack morphology is influenced by the environment. This was 
supported by Perryman [119] who showed that Mg—5Al evinced TGSCC 
in saturated MgCO; solution, 0.5% KF solution, 0.5% KHF solution and 
0.5% HF solution, but IGSCC in 0.05% potassium chromate solution. If HE 
is the mechanism tending to produce TGSCC, then the critical parameter 
characterising the solution—material interaction might be the effective H 
activity produced by each solution; it might be expected that a higher H 
activity might be linked to a greater tendency to produce TGSCC, even for 
pure Mg with a large grain size. 

Priest et al. [104] and Fairman and Bray [124] found IGSCC for Mg—Al-Zn 
and Mg-Al alloys, heat treated to produce fine grains (~Stm) and with 
heavy Mg,7Al,, precipitation at grain boundaries. Fairman and Bray [124] 
stated that Mg—Al alloys are more inclined to IGSCC if the Al content is 
greater than 6%. This was based on the suggestion that IGSCC occurs by 
preferential corrosion of the Mg matrix adjacent to the continuous Mg,7Al) 
precipitate at grain boundaries (Fig. 8.9). Miller [60] and Pardue et al. [125] 
attribute all IGSCC to this micro-galvanic corrosion, although Priest et al. 
also noted that some limit of the grain size was required to induce IGSCC 
regardless of the presence of Mg,7Al,.. The maximum grain size for IGSCC 
was found to be around 28 um. Priest et al. proposed that, where both IGSCC 
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8.9 Preferential corrosion of metal matrix adjacent to Mg,2Al,p. 


and TGSCC are possible, due to the presence of Mg,7Al,, and a source of 
H, increasing the grain size causes a transition to TGSCC because the crack 
may propagate along a more direct path, or alternatively HE might be easier 
with large grains. 

Mears et al. [143] found IGSCC for Mg—6.5Al-1Zn in the pH 5.0 
chloride—bichromate solution (3.5% NaCl + 2.0% K,Cr,O07) and TGSCC in the 
pH 8.1 chloride—chromate solution (3.5% NaCl + 4.0% K,CrO,.). However, 
that crack morphology was influenced by pH was rejected on the basis of 
experimental evidence by Fairman and West [122] and Pardue et al. [125]. 
Fairman and West tested single-phase Mg—7AI-1Zn in chloride—chromate 
solutions. The popular model for IGSCC cracking indicates that, in single- 
phase alloys, TGSCC is due to the absence of Mg;7Al,2. Also, Pardue et al. 
tested large-grained (~80 um) Mg—6AI-1Zn in a chloride—chromate solution, 
which according to Priest ef al. [104] would show TGSCC due to the large 
grain size. 


8.2.6 Heat treatment 


Speidel et al. [144] stated that the threshold stress intensity factor and stage 
2 crack velocity for all high-strength Mg alloys (including ZKxx) do not 
vary significantly with heat treatment. This would imply that SCC of high- 
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strength Mg alloys does not depend on ageing and also does not depend on 
slip morphology as is the case for high-strength steels and high-strength 
aluminium alloys. 

However, the previous discussion on the roles of Mg,7Al)> precipitates 
and grain size suggests that heat treatment does influence SCC of Mg—Al 
alloys with grain size close to the IG—TG transition. There may be Mg,7Al)> 
in Mg alloys with more than 2% AI [113] and Mg,7Al,) is precipitated by 
slow cooling from the solution-treatment temperature [60] and slow cooling 
of castings [12]. 

Similarly, Priest et al. [104] found TGSCC in chloride—chromate solutions 
for Mg—6AI-1Zn heat-treated for 24h at 345 °C and water quenched, whereas 
there was IGSCC for furnace-cooled samples. Mg,7Al,2 was only precipitated 
in the furnace-cooled samples. Moccari and Shastry [123] compared SCC for 
rolled AZ61, as-received and after heat treatment (i) annealed at 475 °C for 
90 min and quenched in boiling water or iced brine (A&Q), and (ii) aged at 
200°C for 48h. There was IGSCC for the as-received specimens whereas there 
was some TGSCC for the heat-treated specimens. This suggests that, there 
was discontinuous grain boundary precipitation in the heat-treated specimens. 
The heat treatment did not significantly improve the SCC resistance. 

Perryman [119] studied the influence of heat treatment on SCC susceptibility 
of Mg-—5AI in distilled water. The grain boundary precipitate was completely 
dissolved by solution treating at 360 °C for 3h. Subsequent ageing at 150°C 
for 2h to produce a continuous film of Mg,7Al,, at grain boundaries had 
no significant effect on TGSCC. It was inferred that the Mg,7Al,, at the 
grain boundaries was not significant for the observed TGSCC. However, 
precipitation within grains, by ageing at 200°C for 4 and 14 days, caused a 
reduction in localised corrosion and improved SCC resistance. 

Pardue et al. [124] investigated the influence of grain size and cooling rate 
on SCC of wrought AZ61 in a chloride—chromate solution. The specimens 
were heat treated at 345, 425 or 480°C for 24h and furnace cooled or 
quenched. The furnace-cooled specimens had high concentrations of Mg)7Al,9 
at grain boundaries, and consequently had primarily IGSCC, whereas water 
quenched specimens had higher percentages of TGSCC. Specimens that were 
heat treated at 425 and 480 °C had larger grains than those treated at 345 °C 
and this correlated with a higher percentage of TGSCC. 

Residual tensile stresses decrease the minimum applied stress required 
for SCC [127]. Busk [104] noted that residual tensile stresses reduce the 
threshold stress but can be relieved by T4 and TS heat treatment: T4 consists 
of solution heat treatment and ageing to a stable condition, whereas T5 consists 
of artificially ageing at an elevated temperature. Timonova [127] stated that 
relieving residual stresses in MAS by annealing significantly increased SCC 
resistance, with resistance increasing with annealing temperature. 

Kiszko [145] found IGSCC in humid air for Mg—14Li with more than 1% 
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Al, rapidly cooled after hot-working at 370°C. The IGSCC susceptibility was 
associated with the Al content and the formation of a second phase during 
rapid cooling. SCC resistance was restored by heating 24h at 150°C. 


8.2.7. Welding 


Welding is used to fabricate engineering structures. Fusion welding changes 
the microstructure due to the thermal cycle. The weld metal can have a 
composition significantly unlike the parent metal, depending on the welding 
consumable used. These changes in microstructure and chemical composition 
may influence SCC. There is extensive research on Mg welding [146-148]. 
Laser beam (LB) welding of Mg alloys has the following advantages: (1) 
high welding speed; (ii) very narrow joints with reduced heat-affected zone 
(HAZ) and low distortion; and (iii) a high joint efficiency (joint strength/ 
base metal strength) approaching 100% [146], whereas conventional fusion 
welding, such as tungsten inert gas (TIG) welding, has joint efficiencies 
of ~ 70-90% [147]. Friction stir welding (FSW) [149] achieves a metallic 
bond at temperatures below the melting point of the base material, thereby 
avoiding the issues associated with melting of the alloy [150]. 

Only a few researchers [151-153] have studied SCC of welded Mg. Winzer 
et al. [153] reported high SCC susceptibility of TIG welds of continuous- 
cast AZ31 sheet. SCC initiated at the interface between the weld metal and 
the HAZ. Kannan ef al. [151] also reported high SCC susceptibility of LB 
welded AZ31. SCC occurred in the fusion boundary (Fig. 8.10(a)). It was 
suggested that SCC was caused by galvanic corrosion between the fusion 
zone and the base metal, because of the difference in Al concentration. 
The fracture was mixed IGSCC and TGSCC (Fig. 8.10(b)). The high SCC 
susceptibility for fusion welded Mg alloys appears to be caused by the ease 
of producing significant galvanic corrosion. Kannan et al. [151] also reported 
high SCC susceptibility of FSW AZ31. SCC occurred in the stir zone (SZ) 
(Fig. 8.11). The authors suggested that hydrogen-assisted cracking could 
cause SCC, due to the high dislocation density in the stir zone. 

Surface treatment is a popular method for corrosion prevention. Bala 
Srinivasan et al. [154,155] studied plasma electrolytic oxidation (PEO) coated 
LB welded AZ31 and FSW AZ61. The PEO coating increased the corrosion 
resistance, but did not improve SCC resistance. The failure to improve SCC 
resistance may be because the PEO coating is brittle. 


8.3 Loading 
8.3.1 Fracture mechanics 


A given material/environment combination has a simple relation between the 
stress intensity factor, Kj, and the growth rate of the stress corrosion crack, 
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8.10 (a) Overview of LB AZ31 after SCC test, and (b) the fracture 
surface showed IGSCC and TGSCC. 


da/dt or v. Figure 8.12 provides typical data [144]. The threshold for SCC, 
Kiscc, is the stress intensity factor above which occurs the first measurable 
crack extension. This does not imply that there is, under all circumstances, a 
threshold in the sense of a real cut-off. On the contrary, for many material/ 
environment combinations, the existence of a true threshold appears rather 
doubtful. The practical meaning of Kjscc lies in the fact that below this 
stress intensity factor, the growth rates of stress corrosion cracks fall below 
a lower limit of e.g. 107! m/s, corresponding to a crack increment of roughly 
3mm per year. The typical curve has three stages: initiation and stage | 
propagation; steady state or stage 2; and final failure or stage 3. Region 3 
is not always observed; for example, region 3 is absent in Fig. 8.12 [144] 
for ZK60 in distilled water, 1.4m Na SO, and 5m NaBr. During stage 1, 
the crack velocity increases rapidly as the stress intensity factor increases 
above Kiscc. During stage 2, the crack velocity is essentially constant. As 
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8.11 (a) Overview of FSW AZ31 after SCC test, and (b) SCC was in 
the stir zone. 
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8.12 Effect of the stress intensity factor on crack velocity for ZK60 
alloy in various environments [144]. 
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the stress intensity factor approaches K\,, the crack propagation mechanism 
becomes dominated by ductile tearing and rapid crack growth ensues until 
failure occurs. In regions 1 and 3, crack velocity is strongly dependent on 
the stress intensity factor, whereas the steady state crack velocity in region 
2 is largely independent of the stress intensity factor [7,8,144]. Quantitative 
prediction of crack velocities has not been particularly successful. Figure 
8.13 shows that environmental conditions can influence the steady-state 
crack velocity and the threshold values [120]. 

Results from the different types of SCC tests, and on various specimen 
configurations, are identical if all requirements are carefully met. The data 
obtained from part through-cracked specimens can be used to predict crack 
initiation and growth in plates containing small semi-elliptical surface cracks, 
which simulate defects in large structures. This underlines the capability 
of the fracture mechanics approach to transfer SCC data from small-scale 
laboratory specimens to real components and structures. 

The advantage of using the parameter Kjscc lies in its ability to predict the 
combinations of stress, flaw size and shape that lead to SCC. Kiscc may be 
used as a design criterion for ensuring no SCC growth in service, provided 
that the stress, minimum detectable flaw size and environmental conditions 
are well defined, and that the service loads are essentially sustained, i.e. that 
cyclic loading is not significant. Figure 8.14 illustrates how Kjscc values 
can be used in an assessment of structural integrity. In an inert environment, 


107 
Slow strain rate 20 
3.2 00 108s"! 
a 
£103- 
E 
Pa 
xs) 
{e} 
x) 
> 
Pe 4 
® 107 
(Ss) 
ma 
10-7 eal ore m4 L 
100 125 150 175 
Stress (MPa) 


(a) 


8.13 Threshold stresses and intensity factors for Mg-9AI under 
various loading conditions in aqueous solutions with 35g/L NaCl and 
various K,CrO, concentrations (given in g/L) [120]. 
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8.13 Continued 


the mechanical limits are defined by the yield stress, o,, and the fracture 
toughness, Kc. In a SCC environment, the mechanical limits are reduced 
to the threshold stress intensity factor, Kjscc, and the threshold stress, oscc, 
determined on smooth tensile specimens of the same material and in the same 
environment. These two parameters define an acceptable region immune to 
SCC. This region can be significantly smaller than the original acceptable 
region derived from tests in air. 

For small cracks, the use of the K concept, and hence of Kjscc, is non- 
conservative (Fig. 8.14). A combination of the SCC threshold stress, oscc, 
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8.14 Mechanical limits of a typical system involving an inert and an 
SCC environment. 


determined on smooth specimens, and Kjscc may serve as a short crack design 
criterion defining a minimum crack size for the use of the K concept. 


8.3.2 Stress and strain rate 


The probability of SCC increases with increasing applied and internal tensile 
stresses [7,127]. Typically oscc is ~ ¥% yield strength [5,100,114,120]. 
However, attempts to predict oscc have not been successful. Kjgcc may be 
determined from data as in Figs 8.12 and 8.13. oscc may be determined from 
time to failure data as in Figs 8.4 or 8.8; or by a potential drop technique 
associated with LIST or CERT as in Fig. 8.7. 

Wearmouth et al. [114] found, for Mg—7AlI in 3.5% NaCl + 2% KCrO,, 
Oscc correlated with Kjscc. Ebtehaj et al. [120] observed a similar relationship 
for Mg—9AI in aqueous solutions with 35 g/L NaCl and various K,;CrO4 
concentrations, and suggested that this correlation was because, for pre- 
cracked or plain specimens, cracking was controlled by the strain rate, or 
alternatively cracks in plain specimens were initiated at corrosion pits such 
that they were essentially notched specimens. Both K,scc and oscc represent 
the minimum values for which a crack would continue to propagate to total 
failure. Both thresholds can be dependent on the environment as shown by 
Figs 8.12 and 8.13. 

Constant load tests can be more severe than constant displacement tests 
[60, 125] in that SCC has occurred in constant load tests whereas the constant 
displacement tests have indicated no SCC [84]. For constant load tests, the 
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stress increases as the cross-sectional area reduces with crack propagation, 
whereas for constant displacement tests, the stress decreases as the crack 
lengthens. Creep also decreases the stress by relaxation of residual stresses 
and those caused by applied displacements. 

Wei et al. [156], in constant displacement tests of Mg—9AI (and Mg—9AI 
alloys containing various additions of RE, Zn and Ca) found that Mg—9A1 
had a threshold strain of 0.35% in a solution of 3.5% NaCl + 2% K,CrOg, 
and higher thresholds for the alloys containing the various additions of RE, 
Zn and Ca. These results may indicate that plastic deformation is required 
for SCC, or alternatively may simply reflect that constant deflection tests 
give threshold values higher than constant load tests. 

The role of strain in SCC has been attributed to the rupture of a surface 
film, to allow H ingress, or to allow localised dissolution. Wearmouth et 
al. [114] investigated the influence of strain rate for high-purity extruded 
Mg-7AI in an aqueous 2% K,CrO, + 3.5% NaCl. They proposed that the 
SCC crack propagation velocity was defined by the balance between corrosion 
inhibition by film growth and bare metal exposure by the crack tip strain 
rate. Consequently, SCC occurred in a limited range of strain rates, where 
the strain at the crack tip was sufficient to overcome repassivation. 

Chakrapani and Pugh [118] reported that HP Mg—7.5A] exhibited reduced 
ductility, characteristic of SCC/HE, when exposed to gaseous H or cathodically 
generated H in 4% NaCl + 4% K,CrO, under load. Figure 8.15 shows that 
the difference in tensile properties for pre-exposed and vacuum annealed 
specimens was dependent on strain rate. At low strain rates there was a large 
difference in the ultimate tensile strength (UTS) and elongation of the annealed 
and pre-exposed specimens. The fracture surfaces at the higher strain rates 
were completely dimpled, suggesting that ductile tearing was the dominant 
failure mechanism. The authors proposed that, at the higher strain rates, 
insufficient time was available for H diffusion. For the specimens tested at 
the slower strain rates, the difference in UTS and elongation to failure of 
the annealed and pre-exposed specimens was attributed to loss of H during 
annealing. 

Ebtehaj et al. [120] investigated the influence of strain rate on SCC 
susceptibility for cast Mg—9Al. They proposed that the SCC mechanism 
involved diffusion of cathodically generated H, and that the SCC susceptibility 
is defined by opposing effects relating to H ingress as suggested by Wearmouth 
et al. [114]. At slow strain rates, film integrity was maintained, preventing 
H ingress, and ductile fracture ensued. As the strain rate was increased, 
the effectiveness of repassivation was reduced, allowing H to ingress more 
freely. At high strain rates, ductile tearing occurred before embrittlement, 
because insufficient time was available for H ingress. This agreed with the 
work by Chakrapani and Pugh [118]. Maximum susceptibility occurred at an 
intermediate strain rate (Fig. 8.16). Furthermore, the strain rate corresponding 
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8.15 Effect of strain rate on tensile properties for pre-exposed and 
vacuum annealed Mg-7.5Al specimens [118]. 


to maximum susceptibility was dependent on the balance between active 
and passive corrosion (as defined by the ratio of chloride and chromate ion 
concentrations) with this effect becoming less significant at high strain rates. 
As the chromate concentration increased, the tendency for repassivation 
increased, so higher strain rates were required to overcome repassivation 
and the overall resistance to cracking increased. This explains the locations 
of the mimima with respect to strain rate for the curves representing 5, 20 
and 35 g/L K,CrO,. 

The influence of strain rate on the susceptibility of Mg alloys to SCC 
in the work of Ebtehaj et al. [120] was ascribed to, at low strain rates, the 
balance between repassivation and mechanical film rupture at the crack tip 
and, at high strain rates, the propensity for the inert fracture mechanism to 
overwhelm the SCC fracture mechanism. In contrast is SCC in distilled water 
[37], in which decreasing strain rate caused a continuous increase in SCC 
susceptibility (characterised by: (i) an increasing difference between oscc 
and the UTS; (ii) a decreasing elongation-to-failure; and (iii) a decrease in 
Oscc for AZ91 and AZ31). At these strain rates, the influence of repassivation 
at the crack tip is negligible. In contrast the data of Fig. 8.16 used strongly 
passivating solutions containing K,CrO,. This indicates that the occurrence 
of maximum SCC susceptibility at intermediate strain rates for Mg alloys 
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in strongly passivating solutions (Fig. 8.16) is a characteristic of these 
environments rather than a characteristic of Mg alloys. 

In agreement, Nozaki ef al. [121] also found that SCC susceptibility 
increased as the strain rate decreased from 8.3 0107s"! to 8.3 0107s! for 
AZ31B in distilled water (Fig. 8.17). SCC susceptibility was characterised 
by a SCC susceptibility index, Iscc, given by 


Tscc = [Eo — Escc)/Eois] 2 100% 8.1 


where Escc and E,;; are the area under the stress—strain curve in the SCC 
solution and in oil, respectively, the latter being inert. Jscc is high for a system 
with high SCC susceptibility whereas /scc tends to zero for a system with 
low susceptibility. Figure 8.17 shows that susceptibility in distilled water 
increased from 0 to 85% as the strain rate decreased from 8.3 © 107s! 
to 8.3 0 10°’s"!. For NaCl concentrations of 4 and 8%, susceptibility was 
around 90%, independent of strain rate. This again indicates no maximum 
of SCC susceptibility with decreasing strain rate and contrasts with the work 
of Ebtehaj et al. [120]. 

Makar et al. [113] also found that the SCC velocity increased continuously 
with increasing loading rate for RS Mg—1Al and RS Mg-9AlI in 0.21M 
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8.16 Effect of strain rate on SCC susceptibility for 5, 20 and 35g/L 
K5CrO, and 5g/L NaCl [120]. 
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8.17 Effect of strain rate on SCC susceptibility index for AZ31B in 
distilled water and NaCl solutions [121]. 


K,CrO, + 0.6M NaCl. Markar et al. indicated that ductile tearing became 
increasingly dominant, as the loading rate increased from 4.8 10-7 mms"! 
to 8.9 0107? mms"!, above which the fracture surfaces were mostly ductile. 
This could explain the high rates and ductile tearing mechanism observed 
by Lynch and Trevena [98]. 


8.328 “CERT vs. LIST 


Winzer et al. [69] compared the LIST and the CERT in the evaluation of 
TGSCC of AZ91 in distilled water and 5g/L NaCl. The LIST apparatus 
[82], illustrated in Fig. 8.18, is based on the lever principle. The specimen 
is attached to one end of the lever arm. A known mass is attached to the 
other end. The tensile load applied to the specimen increases linearly as 
the distance between the fulcrum and the mass is increased by means of a 
screw thread and synchronous motor. LIST is load controlled whereas CERT 
is extension controlled. They are essentially identical until SCC initiation. 
Thereafter, LIST ends as soon as a critical crack size is reached whereas 
CERT can take much longer as typically CERT only ends when the final 
ligament suffers ductile rupture. 

Figure 8.19 shows a comparison between a LIST at 7.3 co 10-*MPa/s 
and a CERT at 10-’s~!, under identical environmental conditions. These 
loading rates are equivalent for purely elastic behaviour. A LIST was 
typically complete soon after crack initiation; fast fracture occurred when 
the crack reached a critical size. In contrast stress corrosion cracks during 
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8.18 Schematic of LIST apparatus. 
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8.19 Comparison of stress-strain results for LIST and CERT. 


a CERT propagated for a long period of time. A CERT was typically two 
or three times longer in duration. Figure 8.19 also shows that considerable 
crack propagation occurs even after the nominal stress is reduced to a value 
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below the threshold stress; this effect is primarily due to the reduction in 
cross sectional area of the specimen by crack propagation. 

The LIST and CERT techniques are both useful in identifying the occurrence 
of SCC. When coupled with a technique for identifying crack initiation, both 
LIST and CERT can measure the threshold stress (see Fig. 8.7) and crack 
velocity from the final crack size divided by the time for cracking. The 
increased crack propagation time under CERT conditions may be important 
in determining the mechanism for SCC in Mg alloys. However, the stress 
corrosion crack growth occurs under conditions of decreasing load, and the 
fractography towards the end of a CERT may not be typical of that in the 
earlier stages of SCC. 


8.3.4 C(T) experiments 


Winzer et al. [36] studied SCC of the Mg—Al alloys AZ91 and AZ31 using 
compact tension specimens, designated C(T) specimens. For AZ31, the stress 
corrosion crack velocity, V., was 2.5 0° 10° — 8 010°’ m/s, and the threshold 
stress intensity factor, Kjscc, was 14 MPavim. The fracture surfaces for AZ31 
contained cleavage-like facets similar to those on SCC fracture surfaces for 
AZ31 and AZ91 cylindrical tensile specimens; however, the cleavage-like 
facets did not appear to contain micro-dimples as for the cylindrical tensile 
specimens. SCC in AZ91 C(T) specimens was characterised by superficial 
stress corrosion crack branches extending from the fatigue crack tip along 
the maximum principal stress contours in the region where the maximum 
principal stress exceeded oscc. The absence of a primary stress corrosion 
crack through the entire width of the specimen prevented V, and Kjscc from 
being measured for AZ91. 


8.4 Environmental influences 
8.4.1 Hydrogen 


Mg alloys have shown SCC in gaseous H [37,118,120], these studies have 
been related to the SCC mechanism. Figure 8.20 shows the influence of 
H, pre-charging. The specimen fractured just above the yield stress, oy, 
and without the apparent plastic strain or reduction in load that typically 
characterises SCC of AZ91 in aqueous solutions under CERT conditions 
(see Fig. 8.6). The control sample, which was exposed to gaseous Ar at 
3MPa for 15h at 300°C, had a UTS and ductility comparable to that of 
the sample tested in air. It follows that HE was responsible for the large 
reductions in UTS and elongation-to-failure for the specimen pre-charged 
in gaseous H). 
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8.20 Stress vs. apparent strain curves for AZ91 pre-charged in 
gaseous Hp», and Ar at 3MPa and 300°C and fractured in air, 
compared with a non-charged specimen fractured in air. 


8.4.2. Atmosphere 


Dry air is generally considered inert for pure Mg [98,101,106], albeit SCC 
has been reported in damp and outdoor air atmospheres. Pelensky and 
Gallaccio [105] reported that all AZxx alloys failed during outdoor exposure, 
including marine and rural atmospheres, with susceptibility increasing 
with increasing periods of rain, humidity or high temperature. For indoor 
air at ambient temperatures, AZ61 was susceptible to SCC at 98 to 100% 
relative humidity. Increasing Oy or CO, concentration decreased the critical 
relative humidity for AZ61 to 95%. If the relative humidity was near 100%, 
increasing the concentration of SO, and CO, decreased the time to cracking. 
Pelensky and Gallacio reported that M1 (Mg—1.2Mn) was immune to SCC 
in marine environments. Kiszka [145] reported SCC for rapidly cooled 
Mg-14Li alloys containing 1% or 1.5% Al in humid air. Loose and Barbian 
[59] reported SCC of AZ61 in annealed and as-rolled conditions in rural 
and coastal atmospheres. 

Marrow et al. [157] induced SCC in air in cast WE43-T6. Crack initiation 
occurred at relatively high stresses and was attributed to the cracking of an 
intergranular intermetallic due to its inability to accommodate the locally 
high plastic deformation of the a&-matrix. Propagation occurred as TGSCC 
when the crack was sufficiently long. There were non-propagating cracks at 
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lower stresses on the smooth specimens, reminiscent of those reported by 
Wearmouth et al. [114]. Generalisation implies some SCC susceptibility to 
all multi-phase Mg alloys at high stress. 


8.4.3. Solution composition 


A vast literature has dealt with SCC in aqueous solutions containing chloride 
and chromate ions. Chromate ions inhibit corrosion by promoting protective 
film growth. Chloride ions tend to cause film breakdown and H evolution, 
which facilitate SCC [113,114,120]. Ebtehaj et al. [120] investigated the 
influence of chloride and chromate ion concentration on TGSCC susceptibility 
of homogenised fine-grained cast Mg—9AIl. The specimens were tested 
under monotonically increasing strain, constant strain and constant load. 
The threshold stress or threshold stress intensity factor was a minimum 
when the ratio of chloride ions to chromate ions was approximately 1-2. 
The authors proposed that the role of chromate was to increase the open 
circuit potential, and therefore the pitting potential, for a given chloride 
concentration. SCC required a balance between active and passive corrosion 
behaviour: chromate-only solutions result in complete passivity preventing 
localised corrosion which was essential for H ingress, whereas chloride- 
only solutions result in excessive general corrosion which outran crack 
growth. Maximum susceptibility occurred at intermediate chloride/chromate 
ratios. This was contradicted by Pelensky and Gallaccio [105] who stated 
that susceptibility of AZ61 increased as the concentration of K,CrO, was 
increased from 3 to 200g/L in 35g/L NaCl and, similarly, susceptibility 
increased as the concentration of NaCl was increased from 40 to 200 g/L in 
5 g/L KyCrOy, solution. 

Makar et al. [113] found that SCC of rapidly solidified and as-cast 
Mg-1AI and Mg—9AI occurred in a limited range of relatively high strain 
rates in NaCl-only solutions and not at all in K,CrO,-only solutions. The 
requirement for a relatively high strain rate coupled with the trends outlined 
by Ebtehaj ef al. [120] suggested that HE is dependent on the localised 
corrosion and H-evolution reactions caused by appropriate chloride—chromate 
ratios. Varying the chloride—chromate ratio varied the strain rate at which 
localisation occurred (Fig. 8.16). 

However, the relationship between strain rate and environment varies with 
system. Winzer et al. [37] found that SCC susceptibility of AZ91, AZ31 and 
AM30 in distilled water increased continuously with decreasing strain rate. 
Nozaki et al. [121] reported no significant variation in the SCC susceptibility, 
index, Eq (8.1), for strain rates between 8.3 0107s! and 8.3 107s! for 
NaCl-only solutions with concentrations between 2 and 8% and also found 
an increase in susceptibility index from 0 to 85% for distilled water (Fig. 
8.17). 
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Fairman and West [122] found that the threshold stress of single-phase 
Mg-6.5Al in NaCl + K,Cr,0,7 was lower than in NaCl + K,CrO,. Speidel 
et al. [144] reported that crack growth in distilled water was accelerated by 
additions of sulphate or bromide ions as shown in Fig. 8.12. Fairman and 
Bray [106] tested pure Mg and various Mg—Al, Mg—Al—Fe and Mg—Al—Zn 
alloys, heat treated to ensure TGSCC, in 4% NaCl + 4% Na,CrO,. They 
found that additions of NaNO3 or Na»CO; to the solution improved the ability 
to repair defects in the surface film. Such vulnerable sites would otherwise 
contribute to SCC. This also increased the thickness and stability of the film 
and made the corrosion potential less negative. The inhibition of SCC for 
Mg-6AI in chloride—chromate solutions by NO3 ions was also investigated 
by Frankenthal [158] who proposed that NO3 ions prevent breakdown of 
the chromate-produced film by chloride ions. Frankenthal observed that the 
unstressed specimens in 4% NaCl + 4% K,CrO,4 were subject to profuse 
localised corrosion; however, with the addition of 3% NaNO3;, there was 
only slight localised corrosion. Furthermore, the addition of nitrate to the 
chloride—chromate solution resulted in a more positive corrosion potential, 
similar to that for a chromate-only solution. 

Timonova [126] stated that MA3 was susceptible to SCC in sodium 
carbonate solution, with a susceptibility constant for concentrations between 
0.005 and 0.15M, and increasing with concentrations between 0.15 and 
1.0M. 

Pelensky and Gallaccio [105] carried out an extensive assessment of 
environmental influences for SCC of pure Mg and Mg—Mn, Mg-—Al, Mg—Al- 
Zn, Mg—Zn—Zr, Mg—Al—Mn and Mg-Li alloys in air, water and numerous 
aqueous solutions. Most alloy—environment combinations resulted in SCC. 
The following general trends were noted: 


e = High-purity Mg and Mg—2Mn failed in KHF). 

e Mg-SAI failed in distilled water. 

e ZK60A-T5S (Mg-5.5Zn-0.45Zr) failed rapidly in distilled water and 
seawater. 

e ZK60A-T5 stressed to 90% of its yield strength failed rapidly in KCl, 
CsCl, NaBr, NaCl and Nal solutions. 

e AZ61 failed in Na,CO3 solution with susceptibility constant for 
concentrations between 0.265 and 15.9g/L and increasing with 
concentration between 15.9 and 53 g/L. 

e AZ61 did not fail in K,CrO,+ NaCH3;COO, K,CrO,+ Na,CO; or K,CrO, 
+ NaNO; solutions. 

e AZ61 was susceptible in NaCl + K,CrOy4, K,CrO, + Na,SOu, 
Na »SO4, NaNO3, Na.CO3, NaCl, NaCH3;COO (in order of decreasing 
susceptibility). 

e The susceptibility of AZ61 and Al-1.5Mn in NaCl solutions increased 
with solution concentration. 
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Little explanation of these trends was offered by the authors. Many of the 
environments were selected to represent common service conditions, but it 
was noted that accelerated SCC tests should not be used to predict service 
lifetimes, because of the large number of metallurgical, environmental and 
mechanical variables, and that accurate lifetime prediction requires accurate 
simulation of service conditions. 

Yakovlev et al. [159] found that MA2 exhibited similar SCC kinetics in 
Na ,SO,4 + NaOH solution as in NaCl + K,Cr,07 solution. Tomashov and 
Modestova [126] also stated that, for Mg—Mn alloys, there were similar 
corrosion characteristics and SCC failure times for Na,SO, and NaCl solutions 
of equal concentration. Marichev and Shipilov [142] stated that NaOH was 
associated with passivation of Mg alloys. Timonova [126] showed that MA3 
was susceptible to SCC in H,SO, solutions, with susceptibility increasing with 
solution concentration, to some maximum, and then decreasing with further 
increase in concentration as general corrosion became more profuse. 

Timonova [126] examined the resistance of Mg—8Al to SCC and general 
corrosion in 0.01M solutions of NaCl, HCl, HNO3, NaOH, NaF and HF. 
NaF produced limited general corrosion, limited by the formation of a dense 
surface film, which also inhibited SCC. In NaOH, general corrosion was also 
limited although SCC occurred, which was attributed to a less dense surface 
film. For HCl and NaCl, the general corrosion rate was high, preventing 
SCC. Perryman [119] observed SCC for Mg—5AI in saturated magnesium 
carbonate, 0.5% potassium fluoride, 0.5% potassium hydrogen fluoride and 
0.5% hydrofluoric acid (in order of decreasing time to failure). 

KHF, solutions appear to cause SCC in most alloys including high-purity 
Mg and Mg—2% Mn [119,160]. Since the F ion inhibits Mg corrosion by the 
formation of a fluoride film, at least part of the electrochemical explanation 
may lie in film breakdown and repair kinetics. 


8.4.4 Electrochemical potential 


It was generally believed that SCC in Mg is inhibited by cathodic polarisation, 
and accelerated by anodic polarisation [60]. Stampella et al. [101] found 
that SCC was invariably preceded by pitting for pure Mg in a 107M 
Na,SO, solution at the free corrosion potential, and that the corrosion 
potential (—1.36 V) coincided with the pitting potential. Anodic polarisation 
to -1.16V resulted in more severe pitting and greater SCC susceptibility. 
Cathodic polarisation to —1.5V and —2.5V resulted in a more stable film 
and prevented pitting. At the more cathodic potentials, repassivation was 
sufficient to overcome mechanical film rupture by strain rates as high as 5.7 
010° s"!. Priest et al. [104] and Logan [161] also showed that SCC in Mg 
is prevented by cathodic polarisation. Ebtehaj et al. [120] demonstrated that 
SCC susceptibility, characterised in Fig. 8.21 by reduction in area, decreased 
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8.21 Influence of applied potential on reduction area for Mg-9Al 
subject to a strain rate of 2 010°°s™ in 5g/L NaCl + 5g/L K,CrO, 
solution [120]. 


rapidly with decreasing applied potential. Below approximately —1.6V, 
the reduction in area was constant and equal to that for dry air; the lack of 
SCC was attributed to the rapid formation of a surface film that prevented 
hydrogen ingress and SCC. In contrast, Kannan ef al. [162] found SCC under 
CERT conditions for AZ80 cathodically polarised in distilled water; it was 
proposed that these testing conditions did not allow surface film formation 
sufficiently rapidly to prevent SCC. Chen et al. [49] similarly measured an 
influence of cathodic precharging for AZ91, indicating that H entry under 
cathodic conditions for two-phase alloys like AZ91 and AZ80 may be easier 
than for pure Mg. 

Marichev and Shipilov [142] showed that, for various Mg alloys containing 
Al, Zn, Mn and RE in NaCl solutions, cathodic polarisation decreased and 
anodic polarisation increased the crack velocity. These trends were attributed 
to the alkalisation and acidification of the crack tip solutions leading to film 
stabilisation and breakdown respectively. In contrast, cathodic polarisation 
resulted in rapid acceleration of cracking for the high-strength Mg—7.6Y- 
1.7Zn—1.5Cd-0.3Zr in the passivating solutions:1 M NaOH and 2M CrO3. 
Ebtehaj et al. [120] showed that the strain rate corresponding to maximum 
SCC susceptibility (the maximum nominal stress below which there was no 
SCC) was increased as the corrosion potential became more cathodic (Fig. 
8.22). This trend was attributed to the promotion of film growth by cathodic 
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8.22 Influence of strain rate on SCC susceptibility for various applied 
potentials. 


polarisation such that higher strain rates were required to induce film rupture 
and localised corrosion. 


8.4.5 pH 


Reports on the influence of pH on SCC are few but they agree that SCC 
does not occur in chloride—chromate solutions with pH values greater than 
12. Sager et al. [163] reported that the time to failure for Mg—6.5Al—-1Zn 
in a chloride—chromate solution was constant for pH values between 5 and 
12 (Fig. 8.23). At lower pH values SCC susceptibility increased sharply, 
whereas SCC was inhibited at higher pH values. Pelensky and Gallacio [105] 
found SCC for AZ61 in a chloride—chromate solution for pH values between 
2 and 12 but not at higher pH values. Several other workers [104,124,125] 
have established that pH has no influence on crack morphology. Loose [164] 
and Scully [160] report that, in non-fluoride solutions, SCC is inhibited at 
pH values greater than 10.2. This is probably related to the greater ease of 
film formation that occurs in highly alkaline solution. However, Timonava 
[127] reported SCC in 0.01N NaOH. 
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8.23 Variation in time to failure with pH for Mg-6.5AI-1Zn alloy in 
3.5% NaCl + 2% K»yCrO, solution [163]. 


8.4.6 Temperature 


Miller [60] stated that Mg SCC susceptibility in air and water increases with 
temperature. Pelensky and Gallaccio [105] reported that SCC susceptibility for 
AZ61, in a chloride—chromate solution, was a maximum at ~ 40°C whereas 
susceptibility of MA2 and AZ80 in a H,SO, + NaCl solution increased with 
temperature to ~70°C. Romanov [165] also showed that SCC susceptibility 
increased with temperature for MA2 in a H,SO, + NaCl solution, whereas for 
passivating environments, increased temperature decreased SCC susceptibility 
due to improved passivation. Increasing temperature also increases the 
amount of creep, which may cause stress relaxation resulting in improved 
SCC resistance or may contribute to film rupture resulting in reduced SCC 
resistance. 


8.4.7. Coatings 


The prime function of coatings, anodising and surface treatments is to 
prevent Mg contacting the environment and to thereby prevent SCC. Breaks 
or holidays in the coating can lead to SCC [127, 159]. Scully [160] reported 
that anodising increased SCC life. Srinivasan and co-workers [166-168] 
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found that PEO coating did not prevent SCC of AM50 and AZ61 in a dilute 
aqueous solution. 


8.5 Fractography 


The fracture surfaces in air for pure Mg and Mg alloys are ductile. In 
contrast, Meletis and Hochman [99] reported cleavage for SCC of pure Mg 
in a NaCl + K,CrO, solution. Cleavage consisted of long, parallel facets 
separated by perpendicular steps with jogs at the edges. The facets and steps 
corresponded to {2203} planes, with the ledges of each step oriented in 
the <1011> direction. Similar fractography was reported by Chakrapani 
and Pugh [115,117,118] for Mg—7.5Al in NaCl + K,CrO, solution, but the 
cleavage facets corresponded to {3140} planes. Chakrapani and Pugh also 
observed (i) opposite fracture surfaces were interlocking, and (ii) fine parallel 
markings ~1.5 1m apart, interpreted as crack arrest markings, within some 
cleavage-like facets. Similar markings were also reported by Fairman and 
West [122]. Quasi-cleavage fracture for SCC of Mg alloys has also been 
reported by [114,121,159]. 

In marked contrast, Lynch and Trevena [98] for pure Mg in a NaCl 
+ K,CrO, solution, reported that the fracture surfaces consisted of flutes 
containing equiaxed dimples on {101X} planes and grain boundaries as 
well as cleavage-like features on {0001} planes, with the flutes and dimples 
being smaller and shallower than those occurring in air. 

Winzer et al. [70] found that the SCC fracture morphologies for Mg 
alloys vary widely for different combinations of alloy and environment, 
and even between different regions of the same fracture surface, i.e. with 
crack depth. The diversity of SCC fracture morphologies is attributed 
to the number of mechanisms that are involved in stress corrosion crack 
initiation and propagation. For example, Winzer et al. [70] showed there 
were significant differences in SCC fracture surfaces for AM30 and AZ31, 
which had generally similar microstructures except that AM30 had a lower 
concentration of Zn and second phase particles. The fracture surfaces for 
AZ31 consisted of relatively smooth regions containing small, elongated 
dimples whereas those for AM30 consisted of cleavage-like markings. 

Fractography has contributed to the discussion of the involvement of 
hydrides in Mg SCC. Early works [9,99,115,117,118] proposed that Mg 
SCC involved delayed hydrogen cracking (DHC). The plausibility of this 
mechanism was reinforced by the cleavage-like fracture surfaces, as such 
features were also related to hydrides in other metals. More recent fractography 
[70] has indicated that hydrides may indeed play a role in SCC of Mg alloys 
at very slow crack velocities; however, the formation of MgH, during SCC 
was related to a “quasi-porous’ rather than cleavage-like fracture. 
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8.6 Stress corrosion cracking (SCC) mechanisms 


Mg SCC has been generally attributed to one of two groups of mechanisms: 
continuous crack propagation by anodic dissolution at the crack tip, or 
discontinuous crack propagation by a series of mechanical fractures at the 
crack tip (Fig. 8.1), [60,101]. Dissolution mechanisms include preferential 
attack, film rupture and tunnelling while mechanical mechanisms include 
cleavage and HE. It appears that there are different mechanisms for IGSCC 
and TGSCC. IGSCC occurs by microgalvanic acceleration of the Mg matrix 
adjacent to cathodic grain boundary precipitates (Fig. 8.9). For TGSCC, 
it appears that dissolution cannot explain the crack propagation rates and 
fracture surfaces, particularly the interlocking fracture surfaces found by 
Pugh and co-workers [9,115,117,118]. There is considerable evidence to 
support HE-induced cleavage. H-induced plasticity may also play a role, 
particularly to produce the fracture surfaces reported by Lynch and Trevena 
[98] at high stressing rates which had concave features on opposing fracture 
surfaces (Fig. 8.6). 

It has been suggested [114] that the threshold stress, oscc, is related to 
the yield stress. In single crystals, it has been reported [169] that the yield 
strength must be exceeded to produce plastic deformation and this is necessary 
for SCC. However, Table 8.1 [5] indicates that oscc is significantly less than 
the yield stress for many alloy—environment combinations. 


8.6.1. Preferential corrosion 


The preferred model for IGSCC in Mg—AI alloys (Fig. 8.9), is accelerated 
dissolution of the metal matrix adjacent to Mg,7Al; grain boundary 
precipitates, which precipitate during slow cooling of Mg alloys with Al 
concentrations greater than 2.1% [124]. Cracking initiates and grows by 
preferential dissolution of the Mg matrix [124]. Cracking is driven by the 
potential difference between Mg,7Al,. and the Mg—Al matrix, which is 
~ 300 mV [2,124]. Stress pulls apart opposite crack surfaces and allows solution 
access to the crack tip. Pardue ef al. [125] showed continuous cracking, 
for a continuous grain boundary precipitate, as indicated by a lack of noise 
signals in acoustic emission studies. Fairman and Bray [124] reported some 
discontinuities in IGSCC extension, attributing growth discontinuities to 
crack intersection with unfavourably orientated grains. A similar mechanism 
would be expected for other Mg alloy systems, because all second phases 
tend to accelerate the corrosion of the adjacent Mg matrix [2]. 


8.6.2. Galvanic corrosion and film rupture 


Logan [161,170] proposed an alternative electrochemical mechanism. He 
postulated that, when the surface film is ruptured by an applied strain 
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rate, an electrochemical cell occurs between the anodic film-free area and 
the cathodic filmed area. The potential difference between the anode and 
cathode was estimated to be 0.2 V so that rapid dissolution could occur. 
Stress concentration at the crack tip was postulated to prevent the film from 
reforming such that crack propagation was continuous. Miller [60] stated 
that, for film rupture models, continuous crack growth is possible only where 
repassivation is insignificant, otherwise there is discontinuous crack growth 
by alternating phases of film rupture and repassivation. Crack growth, defined 
by the competing rates of film rupture and growth, was also proposed by 
Ebtehaj et al. [120] and Wearmouth et al. [114]. 

Logan’s hypothesis [161,170] that the SCC was entirely electrochemical 
was based on the observation that cathodic polarisation could prevent SCC. 
However, HE models generally require the exposure of film-free surfaces, 
which may be prevented by cathodic polarisation. Furthermore, Logan 
calculated from Faraday’s law that the observed crack propagation rates (10 
co10~° m/s) required an effective current density of 14 A/cm”. Similarly Pugh 
et al. [171] observed crack velocities between 6 © 10°° and 40 o 10° m/s 
for Mg—7.6AI in a chloride—chromate solution, which correspond to current 
densities between 8 and 60 A/cm”. Such current densities were considered 
by Pugh et al. to be prohibitively high. 


8.6.3 Tunnelling 


The tunnelling model, introduced by Pickering and Swan [172], proposed 
that film rupture at emerging slip steps causes localised electrochemical 
cells, resulting in tubular pits. The direction of these pits was thought to be 
initially defined by the electrochemical potential difference between the metal 
matrix and the fine precipitates (assumed to be Mg,7Al,2). Subsequently, 
once there was a local electrochemical cell capable of preventing film repair 
and sustaining enhanced anodic dissolution, propagation was thought to 
continue independent of the precipitate. Crack extension occurred by ductile 
tearing of the narrow ligaments of metal between parallel tunnels. Ductile 
tearing destroyed the local cells at the crack tips so new pits were formed 
in order for the process to repeat. Unlike the film rupture model, Pickering 
and Swan claimed that the current density required to achieve the observed 
crack penetration rates was realistic. However, this model cannot explain 
the interlocking fracture surfaces often observed for TGSCC. Furthermore, 
Pickering and Swan proposed this mechanism for Mg—1Al and Mg—7Al, but 
Mg,7Al,2 precipitates are unlikely in Mg—1Al. 


8.6.4 Cleavage 


The most commonly proposed mode of TGSCC of Mg alloys is discontinuous 
cleavage. Most Mg alloys have hexagonal close packed (HCP) crystal 
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structures, which are susceptible to cleavage due to the lack of slip systems 
[173]. Cleavage is usually evidenced by fluctuating acoustic emission and 
corrosion potential, and by faceted, interlocking fracture topography. 

Pardue et al. [125] suggested that TGSCC in AZ61 is initiated by highly 
localised pitting; that the high stress concentration at a corrosion pit induces 
a cleavage crack, which propagates within the grain until it intercepts some 
obstruction, such as a grain boundary. The obstruction is removed by further 
electrochemical corrosion and the process is repeated. The alternating 
electrochemical and mechanical stages were evidenced by discrete acoustic 
emissions and corrosion current fluctuations, respectively. The occurrence 
of brittle fracture was attributed to dislocation blocking, and thus inhibition 
of plastic deformation, by FeAl precipitates within grains or to lattice 
distortion by Fe ions providing the activation energy for Mg dissolution. 
Fairman and West [121] elaborated this model by proposing that pitting is 
initiated by film rupture due to basal slip and that continued film rupture at 
the base of the pit causes it to deepen by ~0.1—0.2 um. Stress concentration 
at the base of the pit initiates cleavage on whichever cleavage plane, (0001), 
(1010) or (1011), is most normal to the tensile axis, as evidenced by a 
stepped fracture surface with wide forward steps in the cracking plane. The 
width of the steps was correlated with changes in longitudinal extension 
of the specimens. After limited propagation, the crack arrests due to stress 
relief, cross-slip of dislocations, or interference by precipitates or flaws. The 
process is repeated when slip occurs again at the crack tip resulting in the 
formation of another pit. The crack changes orientation at grain boundaries; 
however, since there are multiple cleavage planes it still propagates roughly 
perpendicular to the tensile axis. Ductile failure finally occurs when the 
cross-section of the specimen is reduced such that the ultimate tensile stress 
is reached. Fairman and West also acknowledged the electrochemical stage 
in crack propagation, based on observations that cracking could be stopped 
at any time by cathodic polarisation. They also concede that film rupture 
is unnecessary where there is severe localised corrosion, due to Mg,7Al,> 
grain boundary precipitates. 

Pugh et al. [171] criticised Fairman and West’s model for inadequately 
explaining why stress intensification at the immerging pit initiates cleavage, 
rather than ductile fracture, or why the cleavage crack stops, in spite of the 
fact that the stress intensity factor increases with crack length. Instead, Pugh 
et al. proposed a variation of the film-rupture model for transgranular stress 
corrosion cracking by proposing that embrittlement of the metal immediately 
ahead of the crack tip occurs by the formation of a porous surface layer of 
an oxide (other than MgO) or selective dissolution of Mg or Al, and that 
crack arrest is due to the blunting of the crack tip as it enters the ductile 
substrate ahead of the embrittled layer. Thus, characteristic alternating stages 
were proposed: (i) embrittlement of a thin surface film, (ii) film rupture and 
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crack propagation, and (iii) crack arrest. This model was also supported by 
crack propagation velocities, measured using a travelling microscope to 
be ~5.8 to 42 co 10m/s (0.35-2.5 mm/min), which Pugh et al. proposed 
could only be explained by a mechanism involving a fast mechanical stage. 
The embrittling surface film was speculated to be an oxide or a de-alloyed 
later. HE was rejected based on observations that cracking is retarded and 
accelerated by cathodic and anodic polarisation, respectively; however, this 
effect of polarisation has since been commonly attributed to the negative 
difference effect. 

The cleavage model proposed by Pugh ef al. [171] was disputed by 
Fairman and Bray [106] on two counts. Firstly, they observed no fractographic 
evidence of brittle fracture for Mg—Al alloys in chloride—chromate solutions. 
Secondly, they detected no oxide layer on the fracture surfaces. Fairman and 
Bray instead proposed a ductile fracture model as evidenced by striations 
perpendicular to the crack propagation direction, which were attributed 
to positions of successive crack arrest. This ductile fracture interpretation 
conflicts with the majority of fractographic evidence provided by other 
workers. Fairman and Bray stated that for Mg—Al alloys, Al** ions displace 
Mg** ions in the Mg(OH), surface film, requiring vacancies in the film lattice 
to preserve electroneutrality. This increased the susceptibility of the surface 
film to localised rupture. Film rupture was thought to occur by a flow of 
dislocations, causing slip in the metal and failure on the film basal plane. 
Chloride ions migrate to regions of high tensile strain; therefore tunnelling 
occurs at the rupture site if the dislocation concentration is sufficient to 
overcome repassivation. Stress concentration at the tip of the tunnel would 
then lead to ductile tearing until the crack is relaxed by plastic flow. Since 
Mg-AlI has multiple slip systems a new tunnel may then be created at the 
crack tip and the process is repeated. 

Pardue et al. [125] and Chakrapani and Pugh [115] showed that stages 
of crack propagation coincided with discrete spikes in acoustic emission 
measurements. Unstressed specimens in solution emitted a steady acoustic 
signal, which was associated with H evolution from pitted areas while 
specimens undergoing plastic deformation in air emitted no signal. Stressed 
specimens in solution emitted discrete acoustic signals superimposed onto 
the continuous ‘H’ signal, indicating discontinuous crack advance. Pardue 
et al. also observed that the electrochemical step in the cracking process 
corresponded with fluctuations in corrosion currents, due to the repeated 
exposure of fresh anodic metal. 

Chakrapani and Pugh [115] determined from measurements of the 
distance between acoustic emission spikes that the average crack velocities 
in Mg-7.6AI were between 5 and 30 10° m/s. Similarly, using a travelling 
microscope Pugh ef al. [171] determined that, for the same alloy, average 
crack velocities were between 6 and 40 «© 10~° m/s. Such velocities could not 
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be reconciled with dissolution models according to Faraday’s law, adding 
further support to a mechanical fracture model. 

Various workers [9,99,115,117] have reported that TGSCC in Mg results in 
fracture surfaces consisting of flat, parallel facets separated by perpendicular 
steps, consistent with a cleavage mechanism. The steps and facets are generally 
parallel to the direction of crack propagation and change direction at grain 
boundaries [99]. Opposite fracture surfaces are matching and interlocking, 
which is also consistent with the occurrence of cleavage and is difficult to 
explain by a dissolution model [9]. The fracture surfaces show numerous 
jogs resulting from overlap of parallel cleavage cracks (Fig. 8.24), further 
evidencing discontinuous propagation. Reports on the crystallography of these 
surfaces are generally inconsistent and Meletis et al. [99] attribute this to 
the common use of two surface analysis methods rather than more accurate 
photogrammetric methods. That there can be a ductile component of the 
fracture mechanism was shown by Lynch and Trevena [98] who observed 
concave features on opposing fracture surfaces for higher crack propagation 
velocities, such that the opposing fracture surfaces were not interlocking. 


8.6.5 Hydrogen embrittlement 


The most commonly cited mechanism for SCC in Mg alloys is HE. On first 
blush, HE might seem an unlikely mechanism: cathodic polarisation might 


(d) (e) 


8.24 Jog formation during discontinuous cleavage. After arrest, 
the crack reinitiates at X (a) and advances on facet B (b). The crack 
overshoots the cleavage step (c), resulting in jog formation by 
secondary cleavage (d) and finally advances uniformaly (e) [115]. 
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be expected to increase H evolution but has been shown to retard cracking 
whereas anodic polarisation might be expected to decrease H evolution and 
has been shown to accelerate cracking [60,101,120]. This contradiction was 
explained in terms of the negative difference effect by Ebtehaj et al. [120], 
who showed that large amounts of H were evolved within a discrete range 
of anodic polarisation. Ebtehaj et al. supported the H-ingress mechanism for 
SCC in Mg-Al alloys by correlating test results for cast Mg—9AI stressed in 
dry gaseous H and in chloride—chromate solutions. They also reported that 
cracking, in initially plain specimens, invariably began at regions of localised 
pitting and that, for slow applied strain rates, the crack initiation potential 
coincided with the pitting potential. Thus it was inferred that pitting allows 
H ingress through exposed metal surfaces. 

Chakrapani and Pugh originally proposed that transgranular SCC for 
hot-rolled Mg—7.5Al in NaCI-K,CrOy, solution occurred by discontinuous 
cleavage evidenced by the stepped fracture surface topography; however, 
they also observed that H evolution invariably occurred at corrosion pits 
[115,117]. Subsequent work [118] proposed that the cleavage-like fracture 
surfaces could be due to HE. Specimens, stressed in gaseous H or exposed to 
aqueous solution prior to the application of stress, exhibited a loss of ductility 
and cleavage-like fracture surfaces. This proposal was further evidenced 
by inert gas fusion methods, which showed that the H concentration of the 
specimens progressively increased with time, and vacuum annealing, which 
partially reversed the effects of H exposure (Fig. 8.15). 

Chakrapani and Pugh [118] inferred that the mechanism for crack growth 
was repeated cycles of H diffusion to the crack tip region followed by brittle 
fracture. This was supported by discontinuous acoustic emission signals. It 
was also suggested that the role of H in the brittle fracture could be in the 
formation of brittle hydrides or to produce decohesion. They inferred that 
since SCC fractures tend to occur on {3140} planes, these may correspond 
to the habit or cleavage planes of a hydride. Fracture surfaces for SCC and 
pure-HE systems were different: the latter tended to be flatter and without 
the pleated/stepped structure. It was speculated that this could be related 
to H fugacity and H entry kinetics, and the fact that, for SCC conditions, 
dissolution occurs at the crack tip. 

H effects were also identified by Makar et al. [113] by correlating the 
results of pre-exposed and in situ tests. There were differences in the fracture 
surfaces for the two tests, suggesting that the mechanisms for samples subject 
to HE in the presence and absence of stress were somewhat different. This 
was explained in terms of the crack tip area available to H entry and/or the 
different distributions of hydrided regions. Some samples were vacuum 
annealed prior to testing and the environment effects were mostly reversible, 
as also reported by Chakrapani and Pugh [118]. 

Makar et al. modelled the active mechanisms at various strain rates for 
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rapidly solidified Mg—9AI in chloride—chromate solution. Crack propagation 
velocities for anodic dissolution, ductile tearing and HE were modelled 
according to Faraday’s law, fracture mechanics and the solubility of H in 
the Mg lattice, respectively. By plotting crack velocity with respect to crack 
tip strain rate it was proposed that HE (which was proposed to occur by the 
formation of MgH) ahead of the crack tip) was the dominant propagation 
mechanism for values of crack tip strain rate less than 10-°-10s"!, depending 
on the H diffusivity. At higher strain rates, crack velocity due to ductile 
tearing overtakes and becomes the dominant mechanism. The crack velocity 
due to anodic dissolution is relatively insignificant for all strain rates and at 
some discernible strain rate repassivation prevents any dissolution. 

Stampella et al. [101] studied the connection between pitting and cracking 
in pure Mg in 107M Na»SO,, with the pH adjusted to 10.0 by NaOH. They 
proposed that for SCC to occur, H must be evolved from film-free pit walls. 
Figure 8.2 shows that specimens anodically polarised and stressed in solution 
exhibited embrittlement and a reduction in tensile strength; moreover, these 
effects were mostly reversible by exposure to air at room temperature. 
This contradicted the suggestion of HE by the formation of high-pressure 
molecular H bubbles or by the formation of brittle hydrides, since MgH, is 
not stable at room temperature. Instead, Stampella et al. proposed that the 
embrittlement mechanism involves atomic H in solid solution lowering the 
cleavage strength of the Mg matrix. 

Lynch and Trevena [98] identified the mechanism for SCC in pure Mg 
by comparing the fracture surfaces for slow and rapid crack growth in an 
aqueous environment, rapid crack growth in liquid alkali metals (Na, Cs and 
Rb) and overload crack growth in dry air. Liquid metal embrittlement (LME) 
was thought to occur by the adsorption of metal atoms at the crack tip at 
high crack velocities since insufficient time was available for other reactions 
and the solubilities of the tested alkali metals in Mg were negligible. The 
authors proposed that, for stress corrosion crack velocities ~5 0 10~ m/s in 
aqueous environments, HE also occurs by adsorption since insufficient time 
is available for localised dissolution or H diffusion; this is now called the 
adsorption-induced dislocation emission (AIDE) mechanism [174]. They 
also suggested that dislocation transport of H is unlikely at these high crack 
velocities. 

At low crack velocities, Lynch and Trevena proposed that H diffusion 
is likely to occur; however, adsorption was thought to still be the dominant 
mechanism for embrittlement. This was evidenced by the correlation between 
the fracture planes, crack propagation directions and fracture surfaces for 
LME and slow SCC fracture. It was also noted that no evidence of hydride 
formation was apparent on the fracture surfaces. At low crack velocities, 
adsorption at external crack tips could be inhibited by film formation, 
necessitating diffusion to and adsorption at internal cracks. The authors 
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suggest that this could explain why HE characteristics are apparent for pre- 
exposed specimens. 

It is important to note that the calculations by Lynch and Trevena for H 
diffusion were based on an approximate value for H diffusivity of ~10-? cm7/s. 
This was based on hydride formation kinetics in Mg—2Ce since values for 
H diffusivity in pure Mg were unavailable. It was stated that for the given 
crack velocity insignificant H diffusion would occur for D < 2 1077 cm7/s. 
However, Makar et al. [113] postulated that the H diffusivity might be as 
large as 10°°cm7/s. 

Meletis and Hochman [99] reported that crack initiation and propagation 
for pure Mg ina chloride-chromate solution was accompanied by H evolution. 
Using electron channelling pattern analysis and scanning electron microscopy 
(SEM) photogrammetry, they showed that cracks propagated primarily by 
cleavage on {2203} planes as evidenced by parallel facets. These facets 
were separated by steps also on {2203} planes. The authors proposed that 
cleavage occurs by reduction in surface energy of {2203} planes by HE 
resulting from preferential H accumulation or hydride formation on these 
planes. H may be absorbed from the solution at the crack tip or transported 
to the region by dislocation motion. 

Bursle and Pugh [9] also concluded that cracking in Mg—Al occurs 
by discontinuous cleavage induced by HE. They rejected the adsorption 
model (reduction of metal inter-atomic bond strength at the crack tip by 
the interacting of absorbed ions) on the basis that adsorption would only 
affect a few atomic layers ahead of the crack tip, and therefore it would 
not cause discontinuous crack propagation involving the distances between 
crack arrest markings observed by SEM. Adsorption-induced propagation 
would be macroscopically continuous at a rate determined by the transport of 
ions to the crack tip. Dealloying models were also rejected on the basis that 
solutions that cause dealloying are not usually associated with TGSCC and 
there has been no correlation reported between dealloying and cleavage. 

Bursle and Pugh observed a | um layer of brittle Mg hydride (MgH,) on 
the cleavage fracture surfaces of Mg—Al specimens, contradicting Lynch and 
Trevena [98]. That this compound was not apparent on external or ductile 
fracture surfaces suggests that hydride formation was stress-induced. The 
authors also proposed that the {3140} planes, determined by the two surface 
trace technique and a photogrammetric method, to be the orientation of the 
cleavage facets, may also be the habit or cleavage plane of the hydride. 
These factors lead to the proposal that hydrogen embrittlement as illustrated 
in Fig. 8.1 was the dominant mechanism for crack propagation. 


8.6.6 Delayed hydride cracking 


The critical review by Winzer et al. [5] indicated that TGSCC is the inherent 
mode of SCC for Mg alloys and that the mechanism for TGSCC is still 


© Woodhead Publishing Limited, 2011 


Stress corrosion cracking (SCC) of magnesium (Mg) alloys 343 


equivocal. It is generally accepted that TGSCC of Mg involves H [5] and 
thus TGSCC can be considered an example of hydrogen environment assisted 
cracking (HEAC) [175]. 

The most recent mechanistic studies [5] have established the 
important elements in the propagation of TGSCC. Pugh and co-workers 
[9,115,117,118,171] proposed that TGSCC occurred by a brittle cleavage 
mechanism involving H, which resulted in stepped and faceted interlocking 
fracture surfaces. In contrast, the fractography of Lynch and Trevena [98] 
indicated some plasticity, particularly at higher strain rates and crack 
velocities. Slow strain rate testing by Ebtehaj et al. [120] and Stampella et al. 
[101] suggested a mechanism involving strain-induced film rupture leading 
to corrosion and H production, with crack advance due to H absorption. 
Makar et al. [113] confirmed the stepped and faceted interlocking fracture 
surface morphology and the importance of strain rate and H absorption, but 
proposed a mechanism involving formation and fracture of brittle hydrides. 
Thus, there is agreement that H is part of the SCC propagation mechanism 
but disagreement on the role that H plays. The prior review [5] also indicates 
that SCC is associated with environmental conditions leading to the local 
breakdown of a partially protective surface film, allowing absorption of H 
produced by the Mg corrosion reaction. Film breakdown can be caused by 
the environment (e.g. pitting due to chloride ions). Film breakdown can also 
be caused by the mechanical loading, because SCC occurs in non-pitting 
environments, e.g. (i) pure Mg in distilled water and a dilute sulphate solution; 
and (ii) Mg alloys (AZ91, AM60, AS41, ZK60A-T5) in distilled water. 

Important characteristics of TGSCC of Mg alloys that must be rationalised 
by a TGSCC mechanism include: (i) that the stress corrosion crack velocity, 
V., has been measured by Speidel et al. [144] to be independent of the applied 
stress intensity factor, K,, and by Bursle and Pugh [9] to be proportional 
to K? above a critical stress intensity factor for SCC, K,scc; (ii) that crack 
propagation is discontinuous (as evidenced by discrete high-amplitude 
acoustic emissions [99,101,115,117,118,125]); (iii) the development of a 
stepped and interlocking fracture surface [99,101,114,115,117,118]; (Gv) 
that the fracture process zone, ljp,, is typically 0.1—0.8 um (as evidenced by 
parallel markings within cleavage steps associated with consecutive crack 
arrest fronts [9,115,117,118]), and (v) that measured values for Kiscc lie 
within the range 4-14 MPa m!”? [144,120]. 

A possible mechanism for TGSCC of Mg alloys is delayed hydride 
cracking (DHC) [5,9,99,113,114,118]. Previous workers have proposed 
various models relevant to DHC in hydride-forming metals, particularly Zr 
alloys. Liu [176] and van Leeuwen [177] derived analytical solutions for the 
steady state and transient distribution, respectively, of lattice H ahead of a 
sharp crack; however, these models did not include hydride precipitation. 
Dutton et al. [178] derived an expression for the rate of hydride growth in 
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the elastic field ahead of a crack tip in Zr by assuming: (i) a steady state flux 
through the crack tip; and (ii) that the hydride grows in line with the crack 
with a uniform thickness of twice the crack tip radius. More recent models 
[179-183] used finite element analysis (FEA) solutions to the diffusion 
equations. The FEA approach had not previously been applied to DHC in 
Mg alloys. The FEA method facilitates consideration of the influence of 
hydride precipitation on H diffusion and stress distribution. These FEA 
models assumed isotropic conditions (except for that proposed by Varias 
and Massih [181]) and considered the interrelation of diffusion/precipitation 
and lattice deformation. 

Winzer et al. [67] provided a critical evaluation of the DHC mechanism in 
TGSCC of Mg alloys. The DHC model was critically evaluated to determine 
the maximum predicted values for V.. A DHC model was formulated with 
the following components: (i) transient H diffusion towards the crack tip 
driven by stress and H concentration gradients; (ii) hydride precipitation 
when the H solvus is exceeded; and (iii) crack propagation through the 
extent of the hydride when it reaches a critical size of ~0.8 1m. The stress 
corrosion crack velocity, V., was calculated from the time for the hydride 
to reach the critical size. The model was implemented using a finite element 
script developed in MATLAB. The input parameters were chosen, based 
on the information available, to determine the highest possible value for 
V.. Values for V, of ~10-’m/s were predicted by this DHC model. These 
predictions are consistent with measured values for V, for Mg alloys in 
distilled water but cannot explain values for V, of ~10~m/s measured in 
other aqueous environments. Insights for understanding Mg TGSCC were 
drawn. A key outcome is that the assumed initial condition for the DHC 
models is unlikely to be correct. During steady state stress corrosion crack 
propagation of magnesium in aqueous solutions, a high dynamic hydrogen 
concentration would be expected to build up immediately behind the crack 
tip. Stress corrosion crack velocities ~ 10~m/s, typical for Mg alloys in 
aqueous solutions, might be predicted using a DHC model for magnesium 
based on the time to reach a critical hydride size in steady state, with a 
significant residual hydrogen concentration from the previous crack advance 
step. 


8.6.7. Hydrogen diffusion 


Our critical review of Mg SCC [5], and the above discussion, indicate that 
the mechanism for Mg SCC most likely involves hydrogen (H) [101,120]. 
Although not all details have been established, it appears that Mg SCC involves 
the following. Mechanical or chemical rupture of a partially protective film 
allows aqueous solution access to the Mg metal and H is liberated as the 
cathodic partial reaction of the Mg corrosion. For the subsequent step(s), the 
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speed of H diffusion in Mg is critical for several of the mechanisms proposed 
for the SCC of magnesium [9,98,113]. Available literature data [184-186] 
are presented in Fig. 8.25 [64]. Renner and Grabke [184] hydrided samples 
of an Mg—Ce alloy; the samples were of significant size, ~cms. The Ce in 
the alloy reacted with H to form hydrides in a surface layer of thickness €, 
which was related to the diffusion coefficient of H in the alloy. The data 
[184], when extrapolated to ambient temperature, indicated a low diffusion 
coefficient, ~10-'? m’/s, so that doubts had been expressed [98] about the 
viability of any H mechanism for Mg SCC, in which H transport is required 
some distance ahead of the crack tip. However, this view may need to be 
changed by the more recent data [185,186] for the diffusion of H in Mg. 

Available literature data [184-186] are presented in Fig. 8.25 for the 
diffusion coefficient of H in Mg. This compares the data obtained by Renner 
and Grabke [184] in 1978 with the more recent data of Nishimura et al. 
[185] and of Schimmel [186]. Nishimura et al. [185] carried out permeation 
experiments through 99.9% pure Mg sheets of thickness 0.6-2.9mm. The 
Mg was annealed in vacuum at 573 K for 3.6ks and mechanically polished 
to 0.05 um alumina abrasive. A 0.1m thick Pd over-layer was deposited 
on both sides as an H catalyst. Pure H, gas was the charging medium. The 
H permeation flux was measured with a calibrated vacuum gauge on the 
exit side of the membrane that was maintained at a pressure of ~10~/Pa. 
Schimmel [186] estimated the H diffusion coefficient from molecular dynamics 
simulations. 

There is a reasonable agreement among these three estimates of the H 
diffusion coefficient in Mg in Fig. 8.25, so that it is possible to put a line 
through all these data, and extrapolate to 23°C. This yields an estimate of 
the diffusion coefficient at ambient temperature to be ~ 10-? m?/s—10™> cm/s. 
This value of the H diffusion coefficient is sufficient to allow significant H 
transport ahead of a stress corrosion crack in Mg at ambient temperature. 
A least squares regression through the data [184-186] of Fig. 8.25 yielded 
the following equation for the diffusion coefficient of H in Mg, Dyinmg: 


Dying = 1.02 2 1077 exp (1620/7) 8.2 


where Dyinmg 1S in m7/s and T is in K. A better equation to describe the 
H diffusion coefficient would be possible if there were data at ambient 
temperatures. 

Dietzel et al. [187] estimated the H diffusion coefficient in AZ91 to be 
Dyin azo, = 2 © 107 m?/s at RT based on modelling the CERT results of 
Fig. 8.6 for AZ91 in distilled water [37]. The stress—strain behaviour of 
the cylindrical specimen was represented by a bundle of fibres orientated 
parallel to the direction of the applied strain. To simulate tensile tests, the 
fibre-bundle model assumed that each individual fibre followed the same 
stress-strain curve as the bulk material. For an environment leading to HE, 
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it was assumed that H diffused into the material and reduced the strain-to- 
failure of individual fibres and that fracture of a particular fibre occurred 
once the combination of applied strain and local H concentration reached 
a critical value. Crack initiation and growth were treated as a sequence of 
failure events at individual fibres. This model simulated the results of the 
SCC tests presented in Fig. 8.6. It was assumed that H was generated by the 
corrosion reaction inside pits at the specimen surface. These pits were created 
by mechanically straining the specimen and thus rupturing the hydroxide layer 
on the surface, where part of the hydrogen thus generated diffused into the 
bulk of the material. The model produced fracture surfaces macroscopically 
similar in extent to those produced by CERT, and stress—strain curves were 
generated which reflected the influence of the applied strain rate on the H 
induced fracture of the Mg alloy. The model had two unknown parameters: 
Dy in azo and xy (which relates to the fracture strain in the presence of H). 
By systematically varying the values of these two parameters, best fit was 
obtained Dy jn azo) = 2 10°? m/s. 

An alternative approach to the available H diffusion data is presented in 
Fig. 8.26 [188]. Separate best-fit lines are drawn through the diffusion data 
for Mg—2%Ce [184] and the data for pure Mg [185,186]. These lines have 
slopes similar to each other and to data for other close packed lattices (e.g. 
HCP, Zr and Ti, and face centred cubic, (FCC), Ni, Cu, Au). Included on 
the Fig. 8.26 from [188] as ‘AZ91 (sim)’ is the modelling estimate from 
the work of Dietzel et al. [187] of Dy in azo) = 2 0 107!3 m’/s. This value is 
in good agreement with lower shelf values predicted for H diffusion in Mg 
at room temperature (Fig. 8.25) by extrapolating the elevated temperatures 
measurements of Renner and Grabke [184]. 


E 
a 2 
5 107, 
Q E 
E 
E AZ91 
E | (sim) 
E 
E Cd (HCP) 
pap a 
1.00 1.50 2.00 2.50 3.00 
1000/T 


8.26 Diffusion coefficient of H in Mg, Dy in mg: 
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8.7 Recent insights 


Recent work has resulted in a number of important insights. Multiple 
mechanisms can occur, and these mechanisms behave synergistically. 
Winzer et al. [37,69,70,153] found that, for AZ31, AM30 and AZ91 in 
water, tested with CERT, TGSCC initiated by highly localised dissolution, 
with a transition to HE at some critical crack length (Fig. 8.27). The HE 
mechanism is dependent on microstructure. TGSCC initiation in LIST is 
directly by HE. 


8.7.1. B particles 


Another key insight is that B particles play a critical role in TGSCC in Mg—Al 
alloys such as AZ91, whose microstructure consists of B-phase particles in 
an Ot-phase matrix. The B-phase is the Mg,7Al,, intermetallic. Winzer et al. 
[37,70] found that, for AZ91 containing large B-phase particles, TGSCC 
propagation involved crack nucleation within B particles ahead of the principal 
crack tip (Fig. 8.28). Crack nucleation at B particles could be due to: (i) 
the inherently low fracture toughness of the B particles; (ii) a reduction in 
the fracture toughness of B particles by internal H by hydrogen enhanced 
decohesion (HEDE) or by transformation to MgH,; or (iii) the synergistic 
effects of dislocation pile-ups at the a-f interface, as observed by Wang 
et al. [189], and H-enhanced dislocation mobility. Using the same AZ91 as 
Winzer et al. [37,70], Chen et al. [49,54] showed that cathodic polarisation 
in Na»SOu,, even in the absence of an external stress, resulted in fracture of 


Inert 
fracture 


8.27 Fracture surface for AM30 in distilled water under CERT 
conditions showing zones corresponding to localised dissolution, 
SCC and inert fracture [70]. 
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8.28 Micrograph of secondary crack in AZ91 tested distilled water at 
3 © 107s"! showing crack nucleation within a B particle. 


the B at the surface, indicating that B particle fracture is indeed due to H 
and not to their inherently low fracture toughness. The factors contributing 
to the behaviour of B particles as H-trapping and crack nucleation sites 
were evaluated in Winzer et al. [190]; however, further work is required to 
validate this model. 

The role of 8 particles implies an increase in SCC susceptibility with 
increasing B particle concentration, and typically increasing Al content 
consistent with Fig. 8.4. However, Winzer et al. [153] recently showed 
that, for weld metal containing relatively low concentrations of B particles, 
increasing bulk Al concentration decreased SCC and corrosion susceptibility. 
The positive influence of Al was attributed to the strengthening of the 
Mg(OH), surface film by Al enrichment and the reduction of the galvanic 
current output of B particles (due to increased Al concentration of the a 
matrix). These factors have been largely overlooked by prior researchers, 
but may be relevant to the SCC and corrosion of alloys containing refining 
elements (e.g. rare earths or alkaline metals). 


8.7.2 H diffusion and trapping 


It is generally accepted that the mechanism for TGSCC propagation in Mg 
alloys is a form of HE. This implies (i) that the durability of Mg alloys, subject 
to TGSCC, is dependent on H diffusivity, and (ii) that the microstructure 
influences can be understood in terms of H transport and trapping. Winzer et 
al. [70] showed that small changes in microstructure can result in significant 
variations in the mechanisms or rate-limiting processes. They compared 
extruded AZ31 and AM30, which have generally similar microstructures 
except that AZ31 contains higher concentrations of Zn and second phase 
particles. There were significant differences in fracture morphologies: the 
fracture for AZ31 was characterised by relatively smooth regions containing 
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small, elongated dimples whereas those for AM30 were cleavage-like (Fig. 
8.29). Moreover, the crack velocities for AM30 were lower than those for 
AZ31. These differences may be related to the influences of Zn and second 
phase particles on H diffusivity such that: (i) different HE mechanisms 
occur in AZ31 and AM30; or (ii) the same HE mechanism occurs, with the 
difference in H diffusivity changing the crack velocity and fracture surface 
morphology. There is a complete absence of measured data on H diffusion in 
Mg alloys at room temperature, and there is no understanding of H trapping 
by microstructure features in Mg alloys. This represents a substantial gap in 
understanding the SCC/HE mechanisms, particularly since there is evidence 
to suggest that key microstructure features (i.e. B particles) can act as H 
trapping and crack nucleation sites. 


8.7.3 Hydrides 


A mechanism commonly proposed by early work on TGSCC of Mg was 
DHC [99,113,118]. This mechanism involves repeated stages of: (i) stress- 
assisted diffusion of H to the maximum stress area ahead of the crack tip; 
(ii) precipitation of hydride as the H concentration exceeds the local solvus; 
and (iii) fracture of the brittle hydride. The mechanism is supported by (i) 
the cleavage-like appearance of fracture surfaces (it was assumed that the 
cleavage planes corresponded to the habit planes of hydrides or cleavage of 
hydrides) and (ii) the similarity of the Mg fracture surfaces to those associated 
with DHC in other metals, e.g. Zr, Nb and Ti alloys. However, hydrides 
were never observed in Mg by metallography or fractography. Winzer et al. 
[67] developed a numerical DHC model for Mg using an approach similar 
to that of Lufrano et al. [191] for Zr. The model predicts crack velocities 
similar to those measured for Mg TGSCC in distilled water. However, 


(a) 


8.29 Morphology of SCC fracture surface for AZ31 (a) and AM30 (b) 
[70]. 
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there is uncertainty regarding the hydride morphology and key parameters, 
particularly the H diffusion coefficient and H solubility. Winzer et al. [70] 
proposed that hydride precipitation indeed did occur at very slow crack 
velocities, based on the quasi-porous appearance of fracture surfaces for 
AZ91 tested in distilled water (Fig. 8.30). These quasi-porous features were 
identified as associated with hydride because there were similar features on 
fracture surfaces for AZ91 after tensile testing specimens after charging for 
14h at 300°C and 30 bar gaseous H,. Numerical analysis of the charging 
indicated that MgH, precipitation was likely. Schober [192] also reported 
precipitation of large hydride agglomerates in Mg for charging in H, gas 
under similar conditions. These MgH, hydride agglomerates dissolved on 
exposure to water, leaving large, pore-like cavities consistent with the quasi- 
porous fracture morphology of Winzer ef al. [70], but in stark contrast to 
that for hydrides in other metals. 


8.7.4 Texture 


Another key outcome of recent work is that IGSCC is possible in Mg alloys 
not containing grain boundary precipitates. Previously IGSCC of Mg alloys was 
attributed exclusively to grain boundary B, causing micro-galvanic localised 
dissolution of the ® matrix adjacent to grain boundary B precipitates [106]. 
This mechanism is expected in all Mg alloys containing continuous or nearly 
continuous second phase along the grain boundary. In contrast, Winzer et al. 
[153] found IGSCC in rolled AZ31 without grain boundary precipitates. The 
IGSCC fracture surfaces were characterised by slip traces on intergranular 


8.30 Fracture surface morphology for AZ91 in distilled water at 3 00 
10°°s"’ showing quasi-porous features [70]. 
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facets (Fig. 8.31), indicative of large-scale crack-tip plasticity [98]. This case 
is the first of IGSCC propagation by HE. Mixed-mode IGSCC and TGSCC 
attributed to H have been reported for pure Mg [98,101]. Kannan et al. 
[151] reported IGSCC in AZ31 adjacent to laser-beam welds attributed to 
galvanic corrosion between the fusion zone and the base metal. Winzer et al. 
[153] proposed that (i) the IGSCC of AZ31 was associated with the texture 
imparted by rolling, the grains were orientated with their c-axis normal to 
the rolling plane; (ii) this texture caused high stresses at grain boundaries 
and (iii) these stresses, in combination with solute H, caused grain boundary 
separation. This model is supported by (i) the work of Agnew ef al. [193] 
who showed composite-like load sharing between differently orientated 
grains during plastic deformation of a similar material, and (ii) the work of 
Prakash et al. [194] who showed, using numerical models, that such load 
sharing causes elevated stress at grain boundaries. 


8.8 Open issues 


IGSCC of Mg alloys is reasonably well understood. IGSCC in Mg alloys, 
illustrated in Fig. 8.5, occurs typically by micro-galvanic corrosion, caused 
if there is a continuous or nearly continuous second phase along the grain 
boundaries, a microstructure typical of many cast creep-resistant Mg alloys. 
In contrast, TGSCC occurs through the a-phase Mg matrix. TGSCC is the 
intrinsic form of SCC and TGSCC can occur in alloys resistant to IGSCC. 
TGSCC occurs for common Mg alloys in environments such as distilled 
water and dilute chloride solutions. 

The most recent mechanistic studies have established the main components 
important for propagation of TGSCC. The work of Pugh and co-workers 
[9,115,117,118,171] has provided convincing evidence for a brittle cleavage- 


8.31 Fracture surface for rolled AZ31 tested in distilled water under 
CERT conditions showing fine parallel markings within intergranular 
facets [153]. 
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type mechanism involving H. Particularly noteworthy are the stepped and 
faceted interlocking fracture surfaces. In contrast, the fractography of Lynch 
and Trevena [98] indicates some plasticity, particularly at higher loading 
rates and faster crack velocities. The slow strain rate testing of both Ebtehaj 
et al. [120] and Stampella et al. [101] indicates a mechanism involving 
strain-induced film rupture leading to corrosion and H production, with 
crack advance due to H. Makar et al. [113] confirmed the fractography, the 
importance of strain rate and H, but they propose a brittle hydride model. 
Thus, there is agreement that H is part of the SCC propagation mechanism 
but disagreement on the role of H. Moreover, the diffusion coefficient for H 
in Mg has not been measured at room temperature. Thus, there are no good 
data on H transport that are needed for an evaluation of the role of H. 

Concerning the key aspects of the environment, the mechanistic hypothesis 
that emerges from the prior work is that SCC is associated with environmental 
conditions leading to the local breakdown of a partially protective surface 
film. Film breakdown can be caused by the environment, e.g. localised 
corrosion by chloride ions. However, SCC does occur for pure Mg and Mg 
alloys (AZ91, AM60, AS41, ZK60A-T5) in distilled water. This indicates 
that film breakdown may also be caused by the loading. The role of the film 
is also consistent with it acting as a barrier preventing hydrogen ingress. 

All two-phase alloys, like AZ91, are expected to have poor TGSCC 
properties if there is H facilitated fracture of the large second-phase particles. 
In contrast, at present there is no information regarding the H-influenced 
fracture behaviour of the small precipitates that are effective for precipitation 
hardening, although there are promising indications, extrapolating from their 
positive influence for some heat treatment conditions in Al alloys. SCC 
resistance is much higher for Al alloys in the over-aged condition and for 
particular double ageing conditions [195]. 

AM30 has an SCC propagation velocity significantly lower than that of 
AZ31 and AZ91 [37,38,69,70], consistent with a lower effective H diffusivity, 
probably due to the absence of Zn in AM30. This again demonstrates the 
necessity to understand the influence of solid-solution alloying on SCC 
propagation velocity and H diffusivity. 

The next major advance in understanding Mg TGSCC requires an 
understanding of the microstructure influences on SCC. Included needs to 
be an understanding of the effective H diffusion rate to the fracture process 
zone. This requires an understanding of H-trap interactions in Mg alloys. 

Mg alloys are starting to be used in structural applications and new classes 
of wrought Mg alloys are emerging. These include high-performance high- 
strength heat-treatable wrought alloys. Promising alloy systems include 
Mg-—Zn-®, Mg-Sn-A and Mg-RE-*. Particular mention may be made of the 
Mg-Y-Zn alloy ZW21 [196] and Mg—10Gd [197]. Their SCC behaviour has 
not been characterised. Clearly, significant risk of SCC would negate much 
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of the potential for application of Mg alloys in critical service components, 
such as stents (catastrophic fracture due to SCC in a heart artery would 
probably be fatal) or stressed Mg-alloy auto components exposed to road 
spray. 

The prior work on pure Mg, Mg-—Al alloys and Zr-containing alloys 
showed that SCC is a significant issue, and that SCC can occur for a load 
condition equivalent to 50% of the yield stress for many combinations of 
alloy + environment. Since the prior research indicates that all Mg alloys 
are likely to be more or less susceptible, guidelines are needed to ensure 
safe application of Mg alloys in service. It would seem that an urgent task 
would be to delineate safe operational limits for common alloys in likely 
service environments. 

Table 8.1 indicates that it would be conservative to assume that the 
threshold stress was ~ 50% YS, unless there is other convincing data for the 
particular alloy + environment combination. It would be prudent to apply this 
recommendation for the common Mg alloys in the environments enunciated 
above. 
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Corrosion creep and fatigue behavior of 
magnesium (Mg) alloys 


Y. B. UNIGOVSKI and E. M. GUTMAN, Ben-Gurion 
University of the Negev, Israel 


Abstract: Environment-enhanced creep, which we have called ‘corrosion 
creep’, and high cycle corrosion fatigue were investigated in pure 
magnesium (Mg) and Mg alloys in different corrosive solutions in 
comparison to those in air. Extruded alloys, especially AZ80 and ZK60, 
show a significantly higher sensitivity to the action of corrosive solutions 
under stress in comparison with diecast alloys. The strong chemomechanical 
effect of increased plasticity of diecast and extruded alloys due to surface 
electrochemical reactions was found in borate buffer solution (pH 9.3). 


Key words: magnesium alloys, corrosion creep, corrosion fatigue, buffer 
solution, NaCl, Na,SOx4. 


9.1 Introduction 
The chapter includes four sections: 


e Historical review of environmentally enhanced creep and fatigue of 
metals. 

e Mechanoelectrochemical behavior of Mg alloys. 
Corrosion creep of magnesium and diecast Mg alloys. 

e Corrosion fatigue of magnesium alloys. 


Section 9.2 includes an extended review on creep and fatigue of metals 
accompanied by anodic dissolution. It is shown that in real service, mechanical 
and corrosion processes develop together and inevitably lead to the appearance 
of synergistic mechanochemical effects that significantly reduce the lifetime of 
Mg alloys due to static and dynamic corrosion fatigue. Section 9.3 includes, 
by way of example, the effect of preliminary plastic deformation and the 
second phase content on the corrosion rate of two diecast Mg alloys. Section 
9.4 presents extended results on the creep behavior of magnesium and its 
alloys in various electrolytic media. Section 9.5 shows high-cycle corrosion 
fatigue behavior of Mg alloys produced by extrusion, common diecasting 
and rheoformed diecastings. At a reversible cyclic loading, extruded alloys 
show a significantly higher sensitivity to the action of corrosive solution in 
comparison with diecast alloys. In correlation with mechanoelectrochemical 
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behavior of Mg alloys, the highest sensitivity to a corrosive medium during 
creep and fatigue is observed in the alloy with the highest Al content or in 
alloys with a higher micro- and macrostructure heterogeneity. 


9.2 Historical review of environmentally enhanced 
creep and fatigue of metals 


The investigation of environmentally assisted creep is very important to 
reveal mechanisms of stress corrosion processes in the tip of a crack. The 
environments around creeping metals can be divided into several large 
groups: (a) gaseous (oxidizing, reducing or neutral gases); (b) vacuum; (c) 
solutions of some polar surface-active agents such as organic acids; (d) 
non-conductive liquids containing some reagents which react with the solid 
(organic solutions, melted polymers); (e) water-based and organic electrolytes 
(acid, base and salt solutions), mineral melts, e.g. melted slag; and (f) liquid 
metals, e.g. steels in liquid sodium. 

Rehbinder and co-workers first found an adsorption effect of surface-active 
additions on the mechanical behavior of mica and calcite in 1928 [1,2]. The 
resistance of single- and polycrystalline materials to plastic deformation was 
found to be reduced when they were surrounded by solutions of surface-active 
agents [1-6]. For example, creep deformation of lead, tin and copper under 
constant load in solutions of small amounts of certain polar surface-active 
substances, e.g. oleic acid in paraffin oil, is greatly facilitated compared with 
that in air or in a liquid without surface-active reagents. The effect reaches 
the maximum at complete saturation of the monomolecular adsorption layer 
by those polar substances [1]. For instance, creep strain and creep rate of 
single tin crystals increase several times in octane containing 0.005 mol/L 
oleic acid [2,3]. The effect of the surface-active acid is attributed to its 
penetration into the microcracks formed in the process of elongation along 
glide planes. The Rehbinder effect becomes more pronounced with an increase 
in the deformation rate of the metal [4,5]. However, it is small even at a fast 
deformation rate V; e.g. with an increase in V by two orders of magnitude — 
from 10+ to 10s! — a decrease in tensile yield stress (TYS) of cadmium 
single-crystal in 1% butyl! alcohol in water equaled around 30% for samples 
both with and without an oxide film [5]. 

The effect of surface oxide films on an increase of the strength of metals was, 
probably, discovered for the first time by Roscoe in 1936 on cadmium single- 
crystal wires [7]. The effect was attributed to the healing of submicroscopic 
cracks by the oxide film, but now there is no evidence to support this idea. 
Harper and Cottrell confirmed the hardening effect of an oxide film on 
Zn crystals crept in air and softening of crystals by immersion in paraffin 
and oleic acid [8]. They supposed that the liquid containing surface-active 
additions acts by penetrating the oxide film, presumably through cracks, and 


© Woodhead Publishing Limited, 2011 


Corrosion creep and fatigue behavior of magnesium (Mg) alloys 367 


weakens adherence of oxide to the surface of the metal, thereby reducing 
its hardening effect. 

Adsorption of one or more reactants on surfaces is only one of the steps of 
the reaction at the metal/liquid interface. Therefore, creeping metals surrounded 
by electrolytes undergo electrochemical and mechanical interactions (corrosion 
attack, stress corrosion cracking, etc.) and show a pronounced difference 
in plastic flow compared with that in a neutral medium. For example, the 
multifold increase in the creep rate of zinc crystal after the removal of oxide 
film by hydrochloric acid during a creep test [8] or cadmium single crystal 
at the replacement of water by sulfuric acid [9] can be explained not only 
by adsorption phenomena but also by electrochemical and mechanochemical 
interactions of liquid with stressed solid. 

The effect of electrolytes on the creep of metals at a constant load was 
discovered by Andrade and Randall using the apparatus presented in Fig. 
9.1(a) [10,11]. They observed an immediate increase in the secondary creep 
rate of a cadmium single-crystal wire from about 0.01 h™! to 0.02-0.04h"! 
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9.1 Andrade’s apparatus for straining metals in electrolytes (a) and a 
creep curve for cadmium single crystal immersed in cadmium sulfate 
solution at the moment indicated by an arrow (b). 1 - wire sample 
of about 6cm long, 2 - glass beaker; 3 - grips; 4 - a fiducial mark 
allowing a cathetometer to read the extension of the sample; 5 — pan 
with weights [11]. 
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when the surrounding of the wire was replaced with CdSO, solution (Fig. 
9.1(b)). An analogous effect occurs in zinc for Zn ions. However, Cd sulfate 
and chloride solutions have no effect on the creep flow of Cd single-crystal 
wires that had been heated in vacuum with the formation of a really clean 
surface without oxides [12]. On the contrary, solutions of cadmium and zinc 
nitrates stop the flow and raise the critical shear stress owing, probably, to 
hydroxide film formation [11]. A surface effect on polycrystalline metals 
has been detected only with polycrystalline lead, but it is appreciable only 
when the grain size is comparable with the wire diameter [13]. 

The effect of polarization on creep was initially studied by Venstrem and 
Rhebinder on single crystals of lead and tin in 0.1N sodium sulfate solution 
[14]. The polarization and surface-active compounds affect the metal surface 
itself rather than oxide layers on it. Some contradictory results obtained by 
Andrade and other researchers [8,9,10,13,14] during creep tests in electrolytes 
can be explained by the action of surface reactions that form different films. 
Creep rate in this case depends on the rate of specific physical, adsorptional 
and chemical stages which are inherent to those interactions. Another origin 
for contradictions in the results of, for example, Andrade, was, probably, a 
small value of adsorption effect in his experiments performed at a very low 
flow rate of crystals (less than 10~s~'). Probably, as Kramer and Demer 
suggested [15], when products form adherent films which block the egress 
of dislocations from the surface, the creep strength is enhanced, e.g. at the 
introduction of Cd nitrate into creeping cadmium crystal [10]. 

Various mechanisms offered throughout the 1930s—1950s for the effects 
of oxide and metal films on tensile plastic flow, creep and fatigue in different 
media were divided by Kramer and Demer into four main groups: (a) 
penetration of oxide into surface cracks; (b) load-carrying capacity of the film; 
(c) locking of surface dislocation sources and (d) blocking of dislocations 
at the surface resulting in pile-ups [15]. 

How do films formed on the surface of metal as a reaction product between 
stressed solid and a surrounding liquid influence creep and creep-rupture of 
metals? There is no evidence to support the suggestion of surface cracks 
healing-up by an oxide film. If the relation of the film thickness to the specimen 
diameter is relatively large (thin wires) compared with common samples, 
load capacity of the film is a valid hypothesis. For example, a decrease in 
TYS of single cadmium crystal covered by thick oxide film from 25% to 
zero was found with an increase in the sample diameter from 0.3 to 2.8mm 
[6]. 

Plastic deformation of metals in electrolytes is accompanied by charge 
transfer between the solid and electrolyte. There is a lot of data in literature 
concerning electrochemically controlled stress corrosion, stress corrosion 
cracking and creep tests performed under a constant load or stress in water 
solutions on tin and lead single crystals [9]; copper and its alloys [16-21]; 
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nickel [22,23]; gold [24] and steels, mainly stainless steels [25-37]. Moreover, 
as reported by Feld et al. [38], melted sulfate-based slag accelerates creep of 
Ni-based alloy under potentiostatic conditions at 800°C. The viscoelastic and 
fatigue behaviors of magnesium and Mg alloys in borate buffer solutions and 
in aqueous solutions of different salts have been investigated by Gutman and 
co-authors as ‘corrosion creep’ (CC) [39-45], ‘corrosion stress relaxation’ 
(CSR) [46,47] and high-cycle corrosion fatigue (HCCF) [48-51]. 

The explanations suggested by different authors concerning the acceleration 
of plastic deformation of metals in solutions are based on the electrocapillary 
effect [14], adsorption-induced loss of strength and a surface crack idea 
e.g., [1,2]; soap formation [15] or debris removal [15,23]; divacancies 
diffusion and surface energy lowering [16], etc. These hypotheses are very 
contradictory because the results depend on different factors, first of all, on 
experimental conditions. For example, Revie and Uhlig [16] support the idea 
of the generation of divacancies by the dissolution process during anodic 
polarization of oxide-free copper, and of a corresponding reduction in the 
surface energy by cathodic polarization. These divacancies diffuse into the 
metal, causing the climb of sessile dislocations, thereby facilitating slip. 
Only simultaneous application of stress and anodic polarization markedly 
accelerates the creep in copper wire in de-aerated acetate buffer solution 
(pH 3.7). This effect increases with anodic current density. The cathodic 
polarization under the same conditions has confirmed the Rehbinder effect, 
as well as the observed increased creep rate in acetate buffer solution 
with an additive of surface-active agent [16]. However, Van Der Wekken 
concludes that the accelerated creep rates of copper single-crystal specimens 
during anodic dissolution in acetate buffer solutions under a constant load in 
experiments of Revie and Uhlig are essentially due to an increasing stress. 
Under the conditions of constant stress, the effect largely disappeared in 
single crystals, as well as in polycrystalline wire specimens [17]. The creep 
rate of brass, e.g. in 3.5% NaCl, increased linearly with the increase in the 
anodic current density as a result of dislocation climb induced by vacancy 
supersaturation during the anodic polarization or by a mechanism related to 
hydrogen-facilitated local plastic deformation during the cathodic polarization 
[18]. A metal—electrolyte interface usually leads to charge separation. Sircar 
and Thakur reported that negatively charged high-purity copper wire creeps 
at a higher rate in air or in ammonium acetate buffer solution compared with 
that in air or the solution in uncharged state. A positively charged specimen 
exhibits a decelerated creep rate of similar nature [21]. 

In case of the interaction of a solid with active medium, it may lead 
both to plasticity increase and to its reduction (accompanied by hardening), 
depending on the results of surface chemical (electrochemical) reactions. 
E. M. Gutman has discovered in 1967 that (electro)chemical reactions on the 
surface of a stressed solid cause additional dislocation flux, which changes 
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mechanical properties and fine microstructure. This effect of increasing the 
plasticity of a solid under the influence of chemical reactions was named the 
chemomechanical effect [52]. This additional dislocation flux is generated as 
aresult of rapid surface layer saturation with dislocations that gives favorable 
conditions for multiple slip, and, hence, for unhardening and microstress 
relieving. 

For example, in experiments on chromium-nickel steel plasticization by 
means of anodic polarization within the region of passive state potentials, 
it obviously prevails over possible manifestations of the barrier effect [53]. 
A linear dependence of hardness loss on the logarithm current density has 
been established over all the ranges of active and passive state potentials 
(Fig. 9.2). This points to the predominant role of chemomechanical effect 
despite the formation of passive film which is transparent for dislocations. 

The influence of various media on strength characteristics of 0.17 mm thick 
stainless steel of 18—10 type was realized by recording the process of steel 
strain hardening in different solutions at a steady potential using a tensile test 
machine with strain rate of 8%/min. Na,SOy, solution for obtaining a steady 
passive state and H,SO, solution for the steel to be in the active state were 
used as media, [53]. As given in Fig. 9.2(b), the same strain values lead, in 
comparison with metal deformation in the air, to higher stresses in the metal 
in passivating medium (sodium sulfate) and lower ones — in active medium 
(sulfuric acid). Hardening of 18-10 steel, especially, of vacuum-annealed 
samples with coarse austenite grains of about 0.4mm, under deformation in 
sodium sulfate can be attributed to barrier mechanism action. The probability 
of dislocation passage through a fast passive film is sharply reduced. This 
causes metal surface layer hardening, and in the case of especially thin 
metal plates, this has an essential effect on the behavior of the metal on the 
whole. This effect is especially marked in annealed steel, since annealed 
steel contains fewer obstacles blocking dislocation motion in the bulk metal. 
As for sulfuric acid, in such a case surface films are absent and, in contrast, 
plasticization takes place due to chemomechanical effect. 

Taking into account the fact that stress field created by a dislocation 
propagates within one crystal, in case of corrosion under stress, specific 
conditions for active development of chemomechanical effect arise in the 
crack tip. Further propagation is determined by the properties of one crystal 
(transcrystalline failure) or two adjacent crystals (intercrystalline failure). Then 
the chemomechanical effect, contributing to an increase in chemical potential 
of surface atoms (dislocations exit), promotes the mechanochemical effect. 
The latter, in its turn, promotes an exit of dislocations. On the basis of such 
a synergistic interaction, the autocatalytic mechanism of mechanochemical 
failure in the crack tip during stress corrosion cracking and corrosion fatigue 
was proposed [53]. 

Thus, the literature data on the environment-assisted creep or corrosion 
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9.2 Effect of current density (a), kind of electrolytes and heat 
treatment (b) on hardening parameters of 18-10 type stainless steel 
[53]. 


creep and corrosion fatigue are contradictory. In the present work, the effect 
of corrosive medium and processing on the creep, stress relaxation and 
high-cycle fatigue behavior of pure magnesium and diecast Mg alloys has 
been investigated. The chapter contains a critical review including earlier 
publications of the authors. 
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9.3 Mechanoelectrochemical behavior of 
magnesium (Mg) alloys 


For two diecast Mg alloys AZ91D (Mg—9AI-1Zn) and AM50 (Mg-SAI) a 
significant acceleration of their corrosion was found in sodium tetraborate 
buffer solution 0.1N Na,B,O, (further in the text named as “buffer solution’ ) 
saturated with NaOH caused by plastic deformation in comparison with 
unstressed alloys [45,49]. Moreover, mechanoelectrochemical measurements 
demonstrated a higher corrosion rate of AZ91D in a deformed state than 
that of AM50, while in non-deformed state AZ91D has a lower corrosion 
rate than AMSO (Fig. 9.3). 

Under the strain increasing from 0 to 4%, the average dissolution rate 
derived from electrochemical polarization data and represented by dotted 
lines in Fig. 9.3 increases for AZ91D and AM50 alloys 7 and 1.5 times, 
respectively [49]. Thus, the smallest mechanochemical effect is observed in 
AMS0 alloy, and the greatest one in AZ91 alloy. It can be explained by an 
increasing strain-hardening coefficient due to the growth of Al content and 
hard B-phase (Mg,7Al,2) precipitates. The maximums on the curves appear 
at work hardening stages due to the creation and destruction of dislocation 
pile-ups according to the theory [53]. This is confirmed by transmission 
electron microscopy (TEM) observation (Fig. 9.4): the maximum of the curve 
for AMSO in Fig. 9.3 lies near 7% deformation, which exactly corresponds 
to intensive pile-ups formation presented in Fig. 9.4(b). 
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9.3 Dissolution rate of two diecast Mg alloys in 0.1N Na,B,07 

+ NaOH solution (25°C, pH 10.5) derived from electrochemical 
measurements vs. tensile strain (ZRA = zero resistance ammeter) 
[49]. 
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9.4 Dislocation network in diecast AM50 alloy (a) and dislocation 
pile-ups (b) after 6.8% deformation [49]. 


9.4 Corrosion creep of magnesium (Mg) and 
diecast magnesium (Mg) alloys 


9.4.1 Experimental procedure 


Flat specimens of polycrystalline 99.9653% Mg with gauge sizes of 10mm 
wide, 4mm thick and 42 mm long were cut out in the transverse direction 
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from commercial ingots produced by Dead Sea Magnesium Works (DSM). 
Round specimens (5.9mm in diameter, gauge length 75 mm) of Mg alloys 
AZ91D, AMS0 and AS21 were produced on diecast machines with the locking 
forces of 2000 kN (Israel Institute of Metals, Technion) and 3450 kN (DSM). 
Rheoformed diecast AZ91D alloy was produced by stirring the melt during 
the solidification in a spinning crucible at the casting temperature 580 °C, 
where the solid fraction amounted to about 40-60% [44,54]. Chemical 
composition and standard mechanical properties of pure magnesium and its 
alloys are presented in Tables 9.1 and 9.2, including the data for extruded 
alloys used in Section 9.5 in experiments on corrosion fatigue. AZ91D and 
AMSO0 samples were studied both as-cast and coated with an anodic non- 
chromate coating ALGAN-2 (Algat Co., Israel). 

The grain size of Mg—Al solid solution in the studied Mg alloys is 1-10 
and 10-15 um in the surface layer and in the bulk of diecastings, respectively. 
Since diecasting involves rapid cooling rates, even alloys with relatively low 
Al content contain a certain volume fraction of divorced eutectic B-phase 
Mg,7Al;2. Such secondary phases as Mgj7Al,2 (B-phase), etc., are mainly 
distributed at grain boundaries (Fig. 9.5(a), (b) and (c)) or within the grains 
like silicide Mg,Si (Fig. 9.5(d)). Rheoformed AZ91D alloy has a globular 
microstructure (Fig. 9.5(b)) as compared with a dendritic microstructure 


Table 9.1 Chemical composition (in mass percent) of diecast (DC) and extruded (E) 
alloys, Mg - the rest 


Alloy Al Mn Zn Zr Ni Cu Fe Be 


AZ91D (DC) 9.3 0.21 0.71 0.02 (Si) 0.0004 0.0008 0.0028 0.0006 
AM50 (DC) 5.1 0.57 0.15 0.02 (Si) 0.0006 0.0007 0.0040 0.0013 
AS21 (DC) 2.3 0.230 - 1.10 (Si) 0.0007 0.0005 - 
AZ80 (E) 7.8 0.19 0.40 - 0.0009 0.0008 0.0033 <0.00001 


AMBO0 (E) 4.4 0.36 0.001 - 0.0008 0.0005 0.0155 0.0006 
AZ31 (E) 2.8 0.28 O96 - 0.0007 0.0017 0.0111 < 0.00001 


ZK60 (E) 0.04 0.008 5.30 0.44 0.0003 0.0021 0.0367 < 0.00001 


Table 9.2 Tensile properties of pure Mg, diecast (DC) and extruded (E) magnesium 
alloys 


Pure AZ91D AM50 AS21  AZ80 AM50 AZ31  ZK60 


Mg (DC) (DC) (DC) (E) (E) (E) (E) 
Ultimate 60 225 229 221 278 291 273 336 
tensile strength 
(UTS), MPa 
TYPo.2%, MPa 24 170 136 134 194 179 155 227 
Elongation to 5.6 2.8 11.7 9.7 14.2 18.1 19.4 16.6 


fracture, % 
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of a conventional alloy (Fig. 9.5(a)). Samples of pure magnesium cut out 
from the columnar zone of an ingot consist of relatively large, long grains 
crystallographically oriented with their dendrite directions parallel to the 
heat flux direction. The size of these crystallites is equal to about 2-3 mm 
in diameter and more than 10mm (gauge width) in length (Fig. 9.5(e)). 
Creep tests were carried out on Model 3 SATEC creep tester (Satec Inc., 
USA) in air at room temperature (25 + 2°C; 150°C + 0.5°C and 175°C + 
0.5 °C) and in solutions at room temperature. As active environments, buffer 
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9.5 Optical (a-c, e) and scanning electron microscopy (SEM) (d) 
micrographs of diecast common (a) and rheoformed (b) AZ91D; 
diecast AM50 (c) and AS21 (d) alloys and pure Mg sample with a 
large transgranular crystallite (e). 
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9.5 Continued 


solution 0.1N Na,B4O7 saturated with magnesium hydroxide with pH = 9.3, 
3.5% NaCl and sodium sulfate solution 3% Na,SO, were used. All solutions 
were prepared from analytical grade chemicals and distilled water. The small 
cell for corrosion creep (CC) tests was made from glass, transparent plastic 
(poly(methylmethacrylate), PMMA) or lightly powdered natural rubber latex 
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(Fig. 9.6) [39,42]. Specimens were studied after rinsing in distilled water 
and alcohol and wiping with acetone. 

Al specimens were cleaned after CC tests by dipping into concentrated 
70% nitric acid for several minutes (ASTM G34-90). The oxide layer was 
scrubbed lightly in a stream of water with a rubber stopper or a bristly brush 
so as not to abrade mechanically this soft material. Cleaning of Mg-based 
alloys from the surface oxide layer was performed by the oxide dissolution 
in 15% CrO3 solution at 80°C for 0.5—1 min (ASTM G1-88). Microstructure 
and pitting studies were carried out using an optical microscope ‘Nicon’ and 
a scanning electron microscope (SEM) JEOL JSM-5600 with ‘NORON’ 
energy-dispersive analysis system (EDS). 


9.4.2 Results and discussion 


At room temperature in air, pure magnesium and diecast Mg alloys show 
a decrease in the creep rate pointing to the primary stage typical of low- 
temperature creep without rupture lasting for 600 h in the case of magnesium 
and for at least 800h in case of its alloys (Figs 9.7-9.9), while the high- 
temperature creep that occurs at temperatures exceeding a half of the 
melting point (in kelvin) is predominantly a steady state creep. Thus, it is 
assumed that high-temperature creep corresponds, e.g. for AZ91D alloy, to 
temperatures more than 93 °C. In Fig. 9.10 two typical curves as examples 
of high-temperature creep in air at 150°C and 175°C are presented for 
AZ9I1D alloy. 

However, creep in solutions is characterized, as a rule, by all the three 
stages of creep: the initial stage with decreasing creep rate (the primary or 


9.6 The scheme of setup for corrosion creep tests including a 
specimen 1; a glass or rubber cell 2; solution inlet 3 and outlet 4; and 
sealing 5. 
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9.7 Creep behavior of pure magnesium in air (1), 3.5% NaCl (2) and 
borate buffer solution saturated with magnesium hydroxide (3). The 
large points show the creep rupture; 25°C, 28 MPa. 


transient creep), the secondary or steady state creep with approximately 
constant creep rate and tertiary creep with final rupture of the sample (Fig. 
9.11(a)). Two main factors, besides the test temperature and the stress value, 
affect creep strain and lifetime (time to creep rupture) of magnesium and its 
alloys in corrosive solutions. The first is the kind of the environment, and 
the second is aluminum content in the alloy [39-42]. 

For pure magnesium and its alloys, an opposite effect of borate buffer 
solution and sodium chloride solutions on the lifetime and strain-to-fracture 
during corrosion creep was found. The lifetime of pure magnesium in 3.5% 
NaCl was more than an order of magnitude shorter than in buffer solution and 
varied from 12+5h to about 240+70h, respectively (Fig. 9.7). On the contrary, 
as shown in Fig. 9.9, the creep life of AZ91D alloy in buffer solution under 
stress of 120MPa was more than threefold shorter than in NaCl solution 
(250h and 816h, respectively). The same creep behavior in these solutions 
was also found for AMSO alloy [42]. In sodium sulfate solution, stressed 
AZ91D alloys experienced very fast stress corrosion cracking at very low 
strain values with very short creep life compared with that in other studied 
solutions (Fig. 9.9). 

The surface electrochemical heterogeneity of a magnesium sample due 
to the local activating effect of chlorine ions and a friable oxide-based 
film causes embrittlement caused by microcracking with a much shorter 
lifetime in NaCl solution than that in buffer solution. However, in the latter 
medium there is no embrittlement effect and, in contrast, plasticization 
is observed, i.e. a strong chemomechanical effect is found. The depth of 
pits in magnesium after corrosion creep is much larger in sodium chloride 
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9.8 Typical low-temperature creep in air (1, 2) and corrosion creep in 
buffer solution (3, 4) of diecast Mg alloys AZ91D (a); AM50 (b, curves 
1, 3) and AS21 (b, curves 2, 4) at applied stress of 120.5+0.5 MPa and 
room temperature. (1, 2 — no rupture and 3, 4 — rupture takes place) 
[42]. 


than in buffer solution, and in typical creep-rupture tests it equals around 
800 um and 70um, respectively (Fig. 9.12). Therefore, its lifetime in NaCl 
solution was four times shorter (12 h against 48 h in Na,BO, buffer solution). 
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9.9 Effect of the environment on the typical creep behavior of 
AZ91D alloys in air, sodium borate buffer (0.1N Na B,07), sodium 
sulfate (3.5% Na ,SO,) and sodium chloride (3.5% NaCl) solutions. 
120.5+0.5 MPa; room temperature; large points show creep rupture. 
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9.10 Typical high-temperature creep of AZ91D alloy in air at applied 
stress of 50 MPa and temperature of 150°C (1) and 175°C (2) (1- no 
rupture, 2 — rupture takes place). 


Fracture patterns observed after corrosion creep show the crack area with 
pitting and final ductile fracture in NaCl solution (Fig. 9.13(a)) and ductile 
fracture channels in two Mg grains in a sample tested in buffer solution 
(Fig. 9.13(b)). Pure magnesium shows transgranular fracture in corrosion 
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9.11 Time-dependent creep rate of pure magnesium (a) and diecast 
Mg alloys (b) AZ91D (1), AM50 (2) and AS21 (3) in 3.5% NaCl (a) and 
in 0.1N Na ,B,07 + Mg(OH), (a, b); Abbreviation ‘TB + MH’ means 
sodium tetraborate and magnesium hydroxide (buffer solution) [42]. 


creep tests against, as shown in Fig. 9.14(a), intergranular fracture of alloys 
in corrosive media [42]. 
Thus, the effect of the corrosive medium on stressed metals was related to 
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9.12 Relief of corrosion pits in pure magnesium after creep-rupture 
CC tests in buffer (a) and NaCl (b) solutions. Creep life, hours: 48 (a) 
and 12 (b); Depth of pits, um: 70 (a) and around 800 (b). 


the autocatalytic interaction of chemomechanical effect or plasticization and 
softening of surface layer as a result of anodic dissolution [53]. In all cases, a 
marked plasticization of magnesium and its alloys (a strong chemomechanical 
effect) was found in buffer solution, namely, creep strain-to-rupture of pure 
magnesium and its alloys in buffer solution were approximately twice as 
high as those in NaCl (Figs 9.7 and 9.9). However, much longer creep life 
of Mg alloys in NaCl solution compared with that in buffer solution can be 
explained by weakening of local activating effect of chlorine ions owing 
to a much more protective oxide film, and blunting of the tip of a crack, as 
shown by way of example in Fig. 9.14(b) for AMSO alloy. 

A decrease in creep life of Mg alloys was found with increasing aluminum 
content from 2.3 to 8.4% in AS21, AMSO and AZ91D alloys [39,40-42]. 
Under the same stress of 120.5 + 0.5 MPa, the creep life of these alloys in 
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9.13 Fracture patterns in magnesium samples after corrosion creep 
tests in 3.5% NaCl (a) and in buffer solution [42] (b). (a) The crack 
area with pitting and final ductile fracture; (b) ductile fracture 
channels in two Mg grains. 


buffer solution decreases and amounts to 500, 340 and 250h, respectively, 
whereas elongation-to-fracture €,, amounts to 2.1, 0.8 and 0.2%, respectively 
(Figs 9.8 and Fig. 9.11(b)). Low values of €;, are in the range of the primary 
creep, but due to the plasticization effect of the solution, we also observed 
secondary and tertiary creep. 

Corrosion creep of diecast Mg—SAI and Mg—9AI-1Zn alloys anodized by 
a ~8 um thick coating showed that anodic coating delays metal dissolution 
facilitating plastic deformation of the stressed metal, and for this reason 
alone increases the corrosion creep life of metals (Fig. 9.15). For instance, 
time-to-fracture of anodized Mg—SAI alloy increases from 340 to 637 hours 
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9.14 Intergranular cracking [42] (a) and a blunted crack emanating 
from the pit (b) in AM50 alloy in 3.5% NaCl solution during an 
interrupted creep test. 120 MPa, duration of the test is 1108h, no 
rupture. 


in comparison with uncoated specimens in the borate buffer solution under 
the stress of 121 MPa [43]. Anodizing leads to a certain increase in the creep 
strain of Mg—5AI in air during long-term tests without rupture (Fig. 9.15). An 
increase in the plasticity of coated alloys in air is connected, probably, with 
a decrease in the alloy surface energy during the anodizing process in basic 
electrolytes. After the creep test of alloys, one can observe the intergranular 
fracture mode, as presented in Fig. 9.16 for anodized AZ91D with a crack 
that extends beyond the coating and propagates into the surface layer of 
metal. 
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9.15 Effect of anodized coating on the creep behavior of dicast 
Mg-5%Al alloy in air (a, no rupture) and in buffer solution (b, rupture 
occurs). 121MPa, 25°C, large points indicate the fracture [43]. 


In the sodium sulfate solution, stressed Mg alloys experienced fast stress- 
corrosion cracking. Creep life of conventional and rheoformed AZ91D alloy 
drops in 3% Na»SOy, solution compared with buffer solution by more than 
two orders of magnitude (Table 9.3). Creep life of anodized rheoformed alloy 
increases compared with that of an uncoated alloy from 4 to 116h, i.e. more 
than an order of magnitude, due to the delay of metal dissolution (Table 9.3). 
As reported earlier [44], a conventional diecast AZ91 alloy shows a more 
significant pitting corrosion than diecast rheoformed alloy during the corrosion 
creep tests in buffer solution. Pitting corrosion, intergranular cracks and final 
fracture of rheoformed alloy were observed just in the region between large 
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9.16 Cracks filled by phenolic resin in the vicinity of the coated 
surface of AZ91D alloy after a corrosion creep test in buffer solution 
(dark area is a-Mg solid solution; light area is Mg,7Al,2 phase). 1 - 
coating; 2 — the crack in coating; 3 - the crack in the bulk of the alloy. 


Table 9.3 Creep life of conventional and rheoformed diecast AZ91D alloy in buffer 
and sodium sulfate solutions at room temperature under the stress of 58 MPa [44] 


Alloy o/TYS Solution Surface Creep 


conditions life (h) 
Conventional AZ91D 0.34 Buffer solution Machined >430 
Conventional AZ91D 0.34 3% Na,SO, Machined 4 
Rheoformed AZ91 0.39 Buffer solution Machined 898 
Rheoformed AZ91 0.39 3% Na,SO, Machined 5 
Rheoformed AZ91 0.39 3% Na,SO, Anodized 116 


Mg(Q) grains. The reduction in macro-segregation and surface cracking due 
to a lower cast temperature is the main reason of a better corrosion and creep 
resistance of rheoformed alloys [54]. 

A catastrophic failure of stressed metals in corrosive solutions in comparison 
with their stable behavior in air can be explained by the synergetic interaction 
between mechanical and chemical processes described as mechanochemical 
phenomena [53]. Chemical (electrochemical) reactions proceeding on the 
metal surface and causing additional dislocation flux and localized enhanced 
plasticity, affect the fine microstructure and creep properties of a solid. 

The synergistic effect of corrosion and stress on the creep behavior of 
magnesium and diecast Mg alloys named corrosion creep has been investigated. 
We can conclude that at room temperature marked plasticization and fracture 
are observed in sodium tetraborate buffer solution even under stresses less than 
40% of TYS as compared with common low-temperature creep in air almost 
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without any plastic deformation. This fact points to a strong chemomechanical 
effect in this corrosive solution manifested in plasticization and softening of 
surface layer as a result of anodic dissolution [53]. However, this effect is 
much less pronounced in sodium chloride solution. The much longer creep 
life of Mg alloys in this solution than in buffer solution can be explained 
by weakening of local activating effect of chlorine ions owing to a much 
more protective oxide film and blunting of the tip of a crack. Mechanically 
enhanced anodic dissolution of metal causes crack initiation and propagation, 
especially in sodium sulfate solution. 

Anodized Mg alloys reveal a significantly longer creep life than uncoated 
diecast alloys. Pure magnesium shows transgranular fracture in corrosion 
creep tests against the ordinary intergranular fracture of alloys in corrosive 
media. 


9.5 Corrosion fatigue of magnesium (Mg) alloys 


9.5.1  State-of-the art of fatigue and corrosion fatigue 
behavior of Mg alloys 


It is of significant scientific and practical interest to study corrosion fatigue 
of diecast and extruded Mg alloys, because many mechanically loaded parts 
of, say, automobiles are often subjected to prolonged cyclic stresses in an 
active medium. Usually, the fatigue life of Mg—Al—(Zn)—Mn alloys increases 
with Al percentage growth both in air [48,55—57] and in corrosive solutions 
[48,50,57] due to the solid solution hardening and an increase in ultimate 
tensile strength at the addition of Al. However, it was found that an increase 
in Al content from 5—6% in AM50 and AM60 alloys up to 8-9% in AZ81 
and AZ91D alloys can lead to a certain decrease in fatigue life both in air 
[57,58] and in distilled water or NaCl solutions [51,55-57,59-62]. It is of 
interest that such a processing variable as diecasting temperature affects 
the corrosion fatigue of AM50 and AZ81 alloys to a larger extent than 
their fatigue in air, which is attributed to the structural sensitivity of stress 
corrosion [57]. 

The fatigue life of Mg alloys in such corrosive solutions as, for example, 
NaCl, is always less than in air [55,56,59-62]. The corrosion fatigue life of 
Mg alloys depends significantly on the solution’s acidity. For example, in 
NaCl-KCrO, solution, a decrease in pH below 5 results in a considerable 
increase in the rate of stress-corrosion cracking of a strained Mg-6.5A1—1Zn 
alloy. In the pH interval from 5 to 12, the rate remains stable, and at pH 
exceeding 12 it begins to decrease rapidly [63]. In the solution containing 
0.1N CI, the maximal loss of endurance to cyclic stress applied by reversible 
bending at 8 Hz was in the pH range varying from 1.3 to 4 compared with 
a much higher lifetime of samples tested at pH = 4.6-14.0 [64]. 
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Owing to the anodic dissolution of magnesium and instability of pH in 
basic electrolytes, the borate 0.1N Na,B,O7 buffer solution saturated by 
magnesium hydroxide (pH 9.3) was used in high-cyclic fatigue tests [48,49,62]. 
In this solution, an unusual result was observed: the fatigue life of AM50 
and AZ91D alloys was longer than in air. Apparently, such a behavior of 
magnesium alloys means that the inhibiting action of buffer solution during 
fatigue tests is dominant in comparison with the alloy degradation due to 
stress corrosion in this medium. Besides, borate anions B4O7 can suppress, 
for example, stress corrosion cracking of stainless steel by delaying the crack 
initiation time and reducing the crack initiation frequency [65]. 

At the lowest Al content in diecast and wrought Mg alloys, the 
weakest environmental effect in static fatigue (creep) [39,40] and dynamic 
(cyclic) fatigue was observed [48,55,57,62]. These results correlate with 
mechanoelectrochemical and immersion corrosion tests, which demonstrates 
a higher corrosion rate of AZ91D in a deformed state than that of AM50, 
while in non-deformed state AZ91D has a lower corrosion rate than AM50 
(Fig. 9.3). Besides, it is well known that the stress-corrosion cracking rate in 
Mg alloys essentially increases with the growth of aluminum content [66-68]. 
Stress accelerates several times the corrosion of the B-phase, Mg —1.6% 
Al, Mg-8.0% Al and Mg-3.5AI-0.6Zn—0.3Mn alloys [67]. Such additions 
to aqueous solutions as J-, SO, Cl” and Br’, which can accelerate stress- 
corrosion crack growth, also accelerate corrosion fatigue crack growth in Mg 
alloy ZK60A (5.2% Zn, 0.45% Zr, 0.22% Mn, Mg - the rest) [69]. Under 
static (stress-corrosion cracking) and cyclic (corrosion fatigue) loading, the 
subcritical crack growth rate in this alloy is slower in air, argon and distilled 
water [69]. The degradation in fatigue strength for the high-strength AZ80 or 
AZ91D alloys due to NaCl is more pronounced than that of lower-strength 
alloys AZ31 [55] and AM20—-AMA4O0 [57] due to a higher percentage of the 
second phase in the former. It also agrees with the known fact of a higher 
sensitivity of AZ91D alloy to high cyclic fatigue in 3.5% NaCl solution at 
stresses below 130MPa compared with AMS50 alloy [48]. 

It is known that the relative fatigue life N,/N,i, of Mg alloys containing 
about 9% Al in (3-5)% NaCl solutions varies from 0.01 to about 0.9-1 
[48,55,59,60,62]. For example, at a given stress amplitude, the fatigue life 
of sand-cast AZ91E-T6 alloy in 3.5% NaCl solution was less than in air by 
a factor of between 2 and 500 [59]. At longer fatigue lives (NV = 10°10"), 
Noo/Nair amounts to 0.01, but at shorter fatigue lives (NV = 10-100) N.o/Nair ~ 
0.9-1 [59]. According to high cyclic fatigue tests of a diecast AZ91D alloy, 
Noo/Nair tatio was about 0.1 for samples cut out from diecast components 
[60] and slightly decreased from 0.74 to 0.64 with stress increasing from 115 
to 165 MPa in diecast specimens [48]. However, unlike Gutman ef al. [48], 
where a continuous solution feed flow was performed, in the tests carried out 
by Witt et al. [60], permanent sprinkling of 5% NaCl was used. It is known 
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that due to spraying, i.e. under the conditions of increased aeration, cracking 
begins more rapidly [65]. The acceleration of the process of stress-corrosion 
cracking might also be caused by an increase in salt concentration on the 
surface of the specimen during its alternating moistening and drying. 

In air, Mg alloys have a marked fatigue limit varying in a very broad range 
[56,58,62]. For example, diecast AZ91D showed a fatigue limit at 38 MPa 
[58], 80 MPa [56], 130 MPa [48,62]. Probably, the lowest fatigue limit of 
38 MPa [58] results from the experimental method in which specimens taken 
from the inner section of diecast ingots with a higher porosity level were 
used. Besides, these data were obtained at ultrasonic frequencies (20 kHz) 
in a resonance vibration regime that can lead to the sample heating due to 
internal friction. As-cast AZ91D specimens have smaller pores and better 
fatigue resistance than machined samples [48,61,62]. 

Thus, as follows from mentioned above, the data on corrosion fatigue 
of Mg alloys are very contradictory. The present research is devoted to the 
correlation analysis of corrosion fatigue behavior of diecast and extruded 
Mg alloys in 3.5% NaCl (pH = 5) and 0.1N Na,B,O; solution with a stable 
pH of 9.3 (buffer solution) and to the investigation of fatigue fracture 
mechanisms of these alloys depending on chemical composition, e.g, Al 
content, environment and microstructure. 


9.5.2 Experimental setup for corrosion fatigue 


Diecast specimens of Mg alloys AZ91D, AMSO with the gauge diameter of 
5.9 mm and gauge length of 75 mm were produced on cold-chamber machines 
with the locking force of 2000 KN (Israel Institute of Metals, Technion) and 
3450 KN (Dead Sea Magnesium Works, Israel). Diecast specimens were used 
without any mechanical treatment of the gauge [49]. Extruded hourglass- 
shaped specimens (the minimum gauge diameter and length of 8.0 and 49mm, 
respectively, ASTM E466-82) were cut from extruded rods of AZ31, AZ80, 
AMSO0 and ZK60 alloys produced from raw material 30mm in diameter 
(Rotem Industries Ltd, Israel) and machined by final turnery (roughness R, 
below 3.2m). Fatigue tests were performed on a rotating beam type fatigue 
machine (Satec System, Inc., USA) equipped with a special electrolytic cell 
at room temperature (25+2°C) under reversible load (stress ratio R = —1) 
and the frequency of about 30Hz [51]. The tests were performed in 3.5% 
NaCl (pH 45) and 0.1 N Na,B,O; saturated with magnesium hydroxide (pH 
9.3). All tests were carried out under open circuit conditions. The detailed 
experimental conditions and setup have been described earlier [49,51]. The 
chemical composition and standard mechanical properties of alloys are given 
in Tables 9.1 and 9.2. 
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9.5.3 Results and discussion 


Figures 9.17 and 9.18 represent stress—fatigue life (S—N) diagrams describing 
fatigue and corrosion fatigue behavior of diecast AM50, AZ91D and extruded 
AMS50 and AZ80 Mg alloys in air, 3.5% NaCl and 0.1N Na,B,O, buffer 
solution. Diecast AMS0 is supposed to have a fatigue limit in air approximately 
between 100 and 110MPa, because, on the one hand, at 110-115 MPa its 
fracture was observed, and on the other hand, at the stress of 95 MPa one 
of specimens remained unbroken up to 4 © 107 cycles. Extruded AMSO 
shows the fatigue limit in air at approximately 120 MPa (Fig. 9.17(a)). In 
air, diecast AZ91D has a marked fatigue limit at 130 MPa (Fig. 9.18(a)). In 
NaCl solution, diecast AM50 and AZ91D alloys demonstrate approximately 
the same fatigue limits as in air, i.e. 110 and 130MPa, respectively (Figs 
9.17 and 9.18). 

Fatigue life of all extruded alloys (AM50, AZ31, AZ80 and ZK60) in 
air was significantly longer than in corrosive solutions (Figs 9.17—9.20). In 
comparison with diecast alloys, they demonstrate significantly longer fatigue 
life both in air and in NaCl-containing solutions (Figs 9.17—9.20). Among 
extruded alloys, the longest fatigue life in air is observed for ZK60 alloy 
and the shortest one for AM50 and AZ31 alloys. AM50 has a somewhat 
lower fatigue life under low stresses in air than that of AZ31 (Fig. 9.20). 

However, in a buffer solution, extruded AMS50 alloy shows the longest 
durability among all extruded alloys, especially at low stress values, in spite 
of its relatively short lifetime in air (Fig. 9.20). A very interesting fact was 
discovered, namely: extruded alloys, especially AZ80 and ZK60, showed a 
significantly greater difference between the lifetime in buffer solution N,,) and 
in air N,;, (a shorter relative fatigue life N,,)/N,i, or a stronger embrittlement) 
under cyclic loading with respect to that for diecast alloys (Figs 9.18—9.20). 
In this solution, the lifetime of extruded AZ80 was even shorter than that of 
diecast AZ91D with approximately the same composition (Figs 9.18(c) and 
9.20). Moreover, under low stresses all extruded alloys, excluding AMS50, 
demonstrated a shorter lifetime in buffer solution with respect to that for 
diecast alloys (Fig. 9.20). 

In the borate buffer solution, as reported earlier [49], the fatigue life of 
diecast AZ91D and AM50 was even longer than in air, probably due to the 
action of borate anions B,O>7 delaying the crack initiation time, as was 
reported for stainless steel [65]. Additionally, unlike extruded alloys, the 
presence of fine-grained surface layer in ‘as-cast’ samples [70] with increased 
corrosion resistance (e.g in AZ91D alloy this layer contains up to 30 vol.% 
of B-phase Mg,7Al,1.7Zno3 [39]) can extend the lifetime of the sample. 
Besides, ‘crusts’ of B-phase on the ‘as-cast’ surface up to 500 um long can 
also retard the crack initiation [71]. However, the protective action of borate 
buffer solution under cycle loading of diecast alloys compared with air (Figs 
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9.17 S-N diagrams for diecast (1) and extruded (2) AM50 alloys 
tested in air (a), 3.5% NaCl (b) and buffer solution (c). 
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9.18 S-N diagrams for diecast AZ91D (1) and extruded AZ80 (2) 
alloys tested in air (a), 3.5% NaCl (b) and in buffer solution (c). 
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9.19 S-N diagrams for extruded alloys ZK60 (a) and AZ31 (b) in air, 
buffer solution and 3.5% NaCl. 


9.17 and 9.18) was not confirmed at static loading in corrosion creep tests: 
the fracture of all diecast alloys was observed in buffer solution and did 
not occur in air (Fig. 9.9). To explain this phenomenon, further studies are 
necessary. 

As noted above, under static loading, a marked plasticization of Mg alloys 
(a strong chemomechanical effect) in buffer solution was found, namely, the 
strain-to-rupture in creep tests approximately twice as high as that in NaCl. 
The data presented in Figs 9.9, 9.17 and 9.18 confirm the same effect of 
sodium borate and sodium chloride solutions on the lifetime of Mg alloys 
both under static and cyclic loading. A higher plastic deformation in the tip 
of a crack in an initially elastically loaded sample can accelerate the crack 
propagation and shorten the lifetime of the alloy. Meanwhile, much longer 
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9.20 Comparison of lifetime N of extruded and diecast alloys in air, 
borate buffer solution and 3.5% NaCl at the same applied stress 

of 140 MPa. The WN value for ZK60 alloy in air was obtained by 
extrapolation, N >> 1000. 


creep and fatigue lives of Mg alloys in NaCl solution compared with that 
in buffer solution can be explained also by blunting of the tip of a crack as 
shown, for example in Fig. 9.14 for corrosion creep of AMSO alloy. 

The correlation analysis of the corrosion fatigue behavior of Mg alloys 
at high stresses was carried out using so-called Basquin’s equation [72]: 


No? = C or N= Co? 9.1 


where N is the number of cycles to fracture; ois the maximum nominal 
applied stress; p and C are coefficients. Correlation coefficients r in Eq. 
(9.1) varied for all alloys, as a rule, from 0.85 to 0.97, except the fatigue 
data for AZ91 in air, where r = 0.76. This analysis was carried out using 
fitted N,,/N,i, ratios (the relative lifetime) calculated at given stresses for 
samples examined in air and in NaCl solution (Fig. 9.21). 

Extruded alloys show a significantly higher sensitivity to the action of 
3.5% NaCl solution compared with diecast alloys. For instance, N.o/N,ir 
ratios corresponding to the applied stress change from 100 to 220 MPa vary 
in the range of ~10~'-10° for extruded AM50 and AZ31 alloys and 0.6-1 
for diecast AM50 and AZ91D alloys. Being the most sensitive to corrosive 
environment, ZK60 alloy shows a relative lifetime in NaCl solution several 
orders of magnitude shorter than in air (Fig. 9.20). Among extruded alloys, 
the highest sensitivity to the action of NaCl-based solutions was observed in 
ZK60 (N,o/Nair ~10*-10°) and the lowest one — in AM50 and AZ31 alloys 
W,/Nig 10-10"), 

In contrast to our data, according to Hilpert and Wagner [55], extruded 
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9.21 Effect of applied stress on the relative fatigue life N,,)/Nair of 
diecast alloys AZ91D (1) and AM50 (2) and extruded alloys AM50 (3); 
AZ31 (4); AZ80 (5) and ZK60 (6) in 3.5% NaCl solution. 


AZ31 and AZ80 alloys have almost the same fatigue life both in air and in 
NaCl solutions (N,./Nair ratio close to 1). Apparently, it is connected with a 
marked decrease in sensitivity of alloys to the action of a corrosive medium 
on electrolytically polished specimens in comparison with lathe-formed 
specimens in our experiments. 

Typical microstructure of extruded alloys is characterized by the presence 
of extended deformation bands of the solid solutions Mg—Al in AMS0, AZ31 
and AZ80 alloys or Mg—Zn in ZK60, and second phase stringers. In AM50 
and AZ31 alloys, the second phases are represented by B-phase (Mg,7Al,), 
Al,,Mn, and Mn3Mg>. Very high sensitivity of ZK60 to corrosion fatigue is 
connected, probably, with the presence of a significant content of very small 
(as a rule, less than 0.5 um) ZnZr precipitates in Mg—Zn solid solution [51]. 
Such intermetallides promote strain hardening and, thus, increase chemical 
potential of metal atoms and their mechanochemical dissolution [53]. In 
spite of a higher sensitivity of extruded alloys to the action of NaCl solution, 
their fatigue life in this medium is significantly longer than that of diecast 
alloys. For instance, fatigue life of extruded AMSO in NaCl is five to ten 
times longer than that of diecast AMS50 alloy under the same applied stress 
(Fig. 9.21). 

As a result of stress-corrosion attack during fatigue tests, pits and cracks 
are observed on the lateral surface of samples and in the area of crack 
propagation, as shown, for example, in Figs. 9.22 and 9.23. The fracture 
surface in the crack origin area of diecast AZ91D and extruded AZ31 alloys 
after a corrosion fatigue test in 3.5% NaCl shows a faceted appearance of 
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9.22 Fracture surface in the crack origin area of diecast AZ91D (a) 
and extruded AZ31 (b) [51] alloys with pitting on the specimen 
surface (1) and on the fracture surface in crack origin area (2) after a 
fatigue test in 3.5% NaCl. 


fatigue fracture in the crack origin area (Fig. 9.22). A fatigue crack initiates 
from a pit, which grows up to the critical size, at which the stress intensity 
factor reaches the threshold for fatigue cracking. During a fatigue test, 
solution propagates into a crack, and this leads to corrosion pit appearance in 
the crack origin area (Fig. 9.22). Extruded ZK60 alloy is significantly more 
sensitive to the action of corrosive environment than extruded AMS50 alloy, 
as mentioned above, and shows a much more developed surface degradation 
in NaCl (Figs 9.21 and 9.23). 

We can conclude that diecast AM50 and AZ91D alloys have a fatigue 
limit in air of around 110 and 130 MPa, respectively. The same levels of 
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9.23 Surface pits in extruded AM50 (a) and ZK60 (b) alloys after 
fatigue in 3.5% NaCl solution. 


fatigue limit for these alloys were found in 3.5% NaCl solution. Extruded 
AMS0O shows fatigue limit in air at approximately 120 MPa. Fatigue limits 
in other examined alloys were not observed. 

Strongly textured extruded alloys show a significantly longer fatigue life 
than diecast alloys both in air and in NaCl-containing solutions. The longest 
fatigue life in air is observed in ZK60 alloy and the shortest one in extruded 
AMS50 and AZ31 alloys. However, in buffer solution, extruded AMSO alloy 
shows the longest durability among all extruded alloys, especially at low 
stress values, in spite of its relatively short lifetime in air and in sodium 
chloride solution. 

A very interesting fact was discovered, namely: extruded alloys, especially 
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AZ80 and ZK60, showed a significantly stronger embrittlement in borate 
buffer solution under cyclic loading with respect to that for diecast alloys. 
In this solution, the lifetime of extruded AZ80 was even shorter than that for 
diecast AZ91D with approximately the same composition. Moreover, under 
low stresses all extruded alloys, excluding AM50, demonstrated a shorter 
lifetime in buffer solution with respect to that for diecast alloys. 


9.6 Summary 


The creep and fatigue behavior of Mg alloys produced by extrusion, common 
diecasting and rheoformed die-casting depend very strongly on processing 
and a kind of environment. For pure magnesium and its alloys the significant 
plasticization is observed in buffer solution, i.e. a strong chemomechanical 
effect is found. The greatest mechanochemical effect is observed in AZ91D 
and AS21 diecast alloys and in ZK60 and AZ80 extruded alloys. It can be 
explained by an increasing strain-hardening coefficient due to the growth of 
Al content and hard precipitates of the second phases (Mg)7Al,2; Mg>Si or 
Zn,Zr). TEM observation confirms the creation and destruction of dislocation 
pile-ups appeared at work-hardening stages. Corrosion creep of coated 
common diecast and rheoformed Mg alloys shows that anodic coating delays 
metal dissolution facilitating plastic deformation of the stressed metal, and 
for this reason alone increases the corrosion creep life of metals. Under 
cyclic loading extruded alloys show a significantly stronger embrittlement 
in borate buffer solution with respect to that for diecast alloys. Moreover, 
under low stresses all extruded alloys, excluding AM50, demonstrated a 
shorter lifetime in buffer solution than did diecast alloys. 
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Magnesium (Mg) corrosion: a challenging 
concept for degradable implants 
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Germany 


Abstract: Degradable metals are breaking the current paradigm in 
biomaterial science to develop only corrosion-resistant metals. In particular, 
metals which consist of trace elements existing in the human body are 
promising candidates for temporary implant materials. Such implants 

would be needed for a short time to provide mechanical support during the 
healing process of the injured or pathological tissue. Magnesium (Mg) and 
its alloys have been investigated recently by many authors as a suitable 
degradable biomaterial. The degradation of Mg alloys in vivo has been 
investigated in several animal studies. The findings of these studies will 

be critically discussed and related to Mg corrosion principles. In contrast 

to slow corroding metals the designated complete degradation or corrosion 
of Mg alloys is conjunct with the limited use of the standard procedure 

for biocompatibility testing (ISO 10993). In particular, established test 
systems for biocompatibility and cytotoxicity of long-term biomaterials have 
limited use and reliability when used to investigate degradable Mg alloys. 
Additionally, the results obtained in vitro are substantially different from 

in vivo observations. The physiological background and possible hypotheses 
will be elucidated and possible mechanism of in vivo corrosion of Mg alloys 
will be discussed. Several approaches to simulate the in vivo conditions on 
the laboratory scale have been investigated in the literature so far. These 
approaches will be presented and critically reviewed. This chapter will 
summarize the latest achievements and comment on the selection and use, 
test methods and the approaches to develop and produce Mg alloys that are 
intended to perform clinically with an appropriate host response. 


Key words: degradable metals, biocompatibility, in vivo corrosion, in vitro 
corrosion, magnesium implant. 


An introduction to degradable magnesium (Mg) 
implants 


More than 200 years after the first production of elemental magnesium 
(Mg) by Sir Humphrey Davy, the attention to magnesium-based alloys as 
biomaterials has increased during the past decade with biomaterial scientists 
and medical device developers (Mantovani and Witte, 2010). Surprisingly, 
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the concept of using magnesium as an implantable material is relatively old. 
In the first decades of the twentieth century magnesium was investigated 
extensively for several medical applications, but with the advent and adoption 
of stainless steels as metallic implants this interest waned in the post-World 
War IJ period to little, if any, research. The attraction of a lightweight metal 
with mechanical properties suitable for many applications brought a renewed 
focus on Mg alloys in the automotive and aerospace industries. This interest 
spread to the current, rapidly growing interest in magnesium-based alloys 
for medical applications. In the words of the author of Ecclesiastes, ‘there 
is nothing new under the sun’ (Mantovani and Witte, 2010). 

The late 1990s marked the beginning of notable research into the idea 
that degradable metallic materials might be utilized in implants. Although 
the concept of temporary implants has been widely accepted and adopted 
for polymeric materials in many application areas, it breaks the current 
paradigm for metallic materials, which have been selected for, among other 
properties, their corrosion resistance. The growing literature in degradable 
metallic biomaterials has come from a variety of perspectives, including 
traditional materials science, tissue engineering, surface modification and 
characterization, toxicology, cell and molecular biology, medical imaging 
and a variety of clinical disciplines, most notably cardiology and orthopaedic 
surgery. In particular, the clinical testing of coronary stents made from a 
degradable Mg alloy has served as a prime example of how advances in 
materials design and processing have translated all the way to interventional 
cardiology and patient care with interdisciplinary support along the way. 


10.1.1 Temporary implants 


In biomaterial sciences, temporary biomaterials support the healing tissue 
until full regeneration or scarring healing is completed. During this tissue 
healing process the temporary biomaterial can gradually lose its mechanical 
property by its continuing degradation process (Fig. 10.1). Thereby degradable 
implants prevent the need for a second operation for patients to remove 
the implant after completed tissue healing. Biodegradable metals have an 
advantage over existing biodegradable materials such as polymers, ceramics 
or bioactive glasses in load-bearing applications that require higher initial 
tensile strength and Young’s modulus closer to that of bone (Witte ef al., 
2008b). 


10.1.2 The basic concept of biodegradable magnesium 
implants 


This degradation process can also be used to release drugs supporting or 
modulating the implant surrounding tissue response. The control and adaptation 
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10.1 The gradual loss of mechanical integrity of a temporary or 
biodegradable implant while the surrounding tissue is regaining 
mechanical resistance. 


of the degradation rate are crucial, since the resorption capacity of the tissue 
is limited. Thus, the local physiology of the implant environment determines 
the maximal degradation rate of a temporary implant. In this sense, an option 
to create biocompatible Mg alloys is to design slow corroding implants by 
appropriate alloying, microstructure design and/or an appropriate coating. All 
these corrosion protective strategies may be planned carefully while keeping 
in mind that temporary implants need to degrade completely — otherwise parts 
of the implant may persist locally and will act as long-term biomaterials. 

A basic concept in magnesium corrosion is the reduction of corrosion 
rate; thus the evolving hydrogen gas can be removed by local fluid flow or 
diffusion without the appearance of clinically visible gas cavities. An effective 
reduced corrosion rate can be obtained by alloy composition design, processing 
or coating. However, it has to be kept in mind that the corrosion rate will 
be further reduced in vivo after implantation due to adherent proteins and 
inorganic salts such as calcium phosphates which stabilize the corrosion layer 
(Witte et al., 2005). Based on this theory, an Mg implant with an initially 
reduced corrosion rate could lead finally to an arresting corrosion process 
in vivo. Thus, the right balance of a reduced initial corrosion rate and an 
assured complete corrosion in vivo will create a useful biodegradable Mg 
implant. 


10.1.3 Major recent advances in the field 


The major recent advances in Mg alloys as temporary biomaterials have 
been in understanding the interface and interaction of Mg alloys and their 
biological environment. In contrast to previous technical alloy developments 
aiming at the improvement of mechanical properties, corrosion resistance and 
production costs, in biomedical application the main focus is shifting to the 
influence of the alloying elements on the formation of the corrosion protective 
interfaces and on the surrounding biological environment in vitro and in 
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vivo. However, currently available Mg alloys were investigated in different 
biomedical applications. Probably the most advanced clinical applications 
are biodegradable cardiovascular Mg stents which have been successfully 
investigated in animals (Di Mario et al., 2004; Waksman et al., 2006a,b); the 
first clinical human trials have been conducted (Di Mario et al., 2004; Erbel et 
al., 2007; Zhang et al., 2007). Mg alloys have also been investigated as bone 
implants (Witte et al., 2005; Kaya et al., 2007; Xu et al., 2007) and can be 
applied in various designs, e.g. as screws, plates or other fixture devices. Mg 
chips have been investigated for vertebral fusion in spinal surgery of sheep 
(Wen et al., 2004) and open-porous scaffolds made of Mg alloys have been 
introduced as load-bearing biomaterials for tissue engineering (Feyerabend 
et al., 2006; Witte et al., 2006a, 2007a,b). However, dissolved ions from 
metal implants are always a concern to induce hypersensitivity and allergy. 
Mg alloys AZ31, AZ91, WE43 and LAE442 have been shown to be non- 
allergenic in an epicutaneous patch test in accordance with the ISO standard 
(Witte et al., 2008a). Moreover, high extracellular Mg concentrations have 
been found beneficial for cartilage tissue engineering (Feyerabend et al., 
2006). Even though rare earth-containing Mg alloys (Witte ef al., 2010) 
as well as metallic glasses (Zberg et al., 2009) can corrode in vivo without 
the clinical appearance of subcutaneous gas cavities, ongoing research will 
elucidate more suitable Mg alloys and coatings in the near future which will 
accelerate the development of biodegradable metal implants. 


10.2 The appropriate selection and use of 
biodegradable magnesium (Mg) alloys 


Today Mg alloys are mainly used in transportation and 3C industries 
(computer, communication and consumer electronics). Most applications are 
castings and only a minority of Mg alloys are used as wrought materials. In 
any case mechanical strength, appropriate corrosion behaviour and a good 
processability are major requirements. Additionally, deformability also plays 
a role when wrought materials are used. In general, a property profile has 
to be considered rather than a single property such as tensile yield strength. 
This is important since changing a single property also has an impact on 
the other properties from the property profile. Figure 10.2 illustrates this in 
a scheme for the development of implants. 

It is extremely important to know the requirements of the implant regarding 
its strength, whether it has to be degradable or not, what is the required 
degradation rate and under which environmental conditions the implant will be 
used. In fact, the application in the cardiovascular or musculoskeletal system 
of the human body determines the entire property profile for the intended 
implant. These requirements are the benchmarks which will be used to decide 
if a development is ready for application or if additional work is necessary. 
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10.2 The cycle of development to achieve a suitable biodegradable 
Mg implant for the required properties of the implant. 


After determining the boundary conditions the material and the according 
manufacturing processes can be selected. Special care has to be given to the 
selection of the alloying elements which must be neither toxic nor harmful. 
All intermetallic phases and reaction products that occur during processing 
must also be neither harmful nor toxic. 

For some elements such as calctum (Ca) and a number of rare earth 
elements (REE) their suitability in binary Mg alloys has already been proven. 
But further work still needs to be undertaken to assure that the intermetallic 
compound of Mg—Ca and Mg—REE are also not harmful to the human body. 
In the case that ternary or even more complex alloys will be developed the 
same tests have to be applied to make sure that all compounds that may 
form are safe. The experimental work in this area has to be accompanied 
by thermodynamic calculations. While binary phase diagrams are available 
for most elemental combinations, there are also reliable phase diagrams for 
a number of ternary systems. A major challenge is still the calculation of 
phase formation in more complex systems. Moreover, it might be the case 
that Mg alloy systems which contain more than three alloy components will 
be better solutions for biodegradable implants than those ones which are 
actually presented in literature. 

Alloys such as AM50, AZ91, WE43, LAE442 which are proposed as 
suitable implant materials can only be seen as some examples to prove some 
concepts regarding strength, degradability and design of implants. In fact, these 
alloys normally contain many more elements as shown in their designation: 
while AM is a ternary Mg—Al—Mn alloy, AZ91 is actually Mg—Al—Zn—Mn, 
WE43 is Mg—Y—Nd-REE-Zr and LAE is Mg—Li-Al-Mn-REE. A master 
alloy is normally used to add REE. This master alloy contains one REE 
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in larger quantities but also almost all of the REEs. It has to be noted that 
currently silicon (Si) can be added to the Mg alloy in the range of up to 0.3 
wt% without any declaration while impurities need to be declared if they 
exceed 0.3 wt% in total. These uncertainties in the alloy composition may 
be acceptable for applications in transportation or 3C industries but cannot 
be tolerated for biodegradable Mg implants. 

It is not only the toxicity of alloying elements that is of importance: their 
influence on the property profile and the processability of the alloy is also 
relevant. Not all biocompatible alloying elements can be used due to restrictions 
in solubility, interactions with the processes and process parameters, etc. In 
fact, this is a complex system which, at the moment, has to be investigated 
in detail with a special regard to any alloying element and their influence 
on the chosen processing route. 

Both alloy composition and processing influence the microstructure 
and phase formation. Composition and microstructure are the important 
features that determine the property profile. A major part of the work in the 
development of an implant is based on research and development, followed 
by the optimization of the process to achieve a defined property profile. As 
long as the benchmarks of the previously selected application are not reached, 
this work has to be revised as often as necessary. 

The designation of different heat treatments of Mg alloys follows the 
same system as for aluminium alloys (Avedesian and Baker, 1999). In cast 
components T4 tempering is used to level the differences in the distribution of 
alloying elements in grains as well as to remove the eutectics and intermetallic 
phases. Normally the grain size should remain stable, but often this cannot 
be ensured. A T4 heat treatment requires high temperatures in combination 
with long heat treatment times. For cast components it is recommended that 
a temperature below the lowest eutectic temperature in the alloy system is 
selected to avoid a first melting of the eutectic phase. The time for this type 
of temper is quite often in the range of several hours up to a day (or more). 
If a wrought process follows, a grain growth could be negligible in this 
case. Otherwise the tempering has to be designed in a way that the process 
is stopped when all precipitates on grain boundaries have been dissolved. In 
general a water quench follows the heat treatment to freeze the microstructure 
and to avoid diffusion and re-precipitation of intermetallic phases. In general, 
the mechanical strength is lowered by this method to a certain extent. But 
owing to the fact that the distribution of alloying elements is more equal 
after a T4 heat treatment this temper normally has a positive influence on 
the corrosion behaviour. A T6 treatment is built upon the aforementioned 
T4 temper. The purpose of this temper is to precipitate intermetallic phases 
in the grain and on grain boundaries. With respect to the chosen tempering 
time and temperature it is possible to adjust the size of precipitates as well 
as their distribution. 
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The presence of alpha grains and an eutectic phase has a direct influence 
on mechanical properties as well as on the corrosion behaviour (Kainer et 
al., 2009). Especially for Mg alloys all intermetallic phases are nobler than 
the matrix. This will lead to an increase of the corrosion rate along the grain 
boundaries. While the segregation of alloying elements does not influence 
mechanical properties too much it definitely influences the corrosion behaviour 
as well owing to differences in the potential of the centres of the grains and 
the areas close to the grain boundary. 

The influence of different heat treatments on microstructure could be 
effectively shown in the binary Mg—Gd alloy system where the amount of 
gadolinium (Gd) was varied in combination with a heat treatment (Kainer 
et al., 2009). As stated before, a T4 treatment could improve the corrosion 
rate drastically compared with the as-cast state (F). In contrast to the F state 
which consists of alpha grains and eutectics on the grain boundaries, the T4 
state consists only of alpha grains and the alloying element (Gd in this case) 
is homogeneously distributed in the sample. A T6 treatment reprecipitates 
intermetallic phases which are nobler than the matrix and again have a poor 
effect on the corrosion behaviour. The investigations also showed that the 
T6 state creates a material that is normally more corrosion resistant than 
the as-cast material. In both cases intermetallics are present. In the T6 state, 
however, they can be regarded as being in a thermo-dynamic equilibrium. In 
the best case these intermetallics are also finely distributed over the matrix 
and not only present at the grain boundaries. Intermetallic precipitates on 
the grain boundaries could be regarded as the worst case scenario with 
respect to the corrosion behaviour. This is mainly due to the fact that grain 
boundaries are weakened areas with a high internal energy. It is most likely 
that a chemical attack would start at the grain boundary or even close to it. 
If, as in the case of as-cast materials, the grain boundaries are additionally 
decorated with noble intermetallics and would promote a severe corrosive 
attack in these areas which would explain why the highest corrosion rates 
can be observed in as-cast binary Mg—Gd alloys. 


10.3. In vivo corrosion of magnesium (Mg) alloys: 
what happens in living tissue? 


Magnesium and its alloys are generally known to degrade in aqueous 
environments via an electrochemical reaction (corrosion) which produces 
magnesium hydroxide and hydrogen gas. Thus, magnesium corrosion is 
relatively insensitive to various oxygen concentrations in aqueous solutions 
which occur around implants in different anatomical locations. The overall 
corrosion reaction of magnesium in aqueous environments is given below: 


Mg (s) + 2H5O (aq) = Mg(OH)), (s) + Hp (g) 10.1 
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This overall reaction may include the following partial reactions: 
Mg (s) = Mg?* (aq) +2 & (anodic reaction) 10.2 
2H,0 (aq) + 2e” = H» (g) + 20H (aq) (cathodic reaction) 10.3 
Mg?* (aq) + 20H” (aq) = Mg(OH), (s) (product formation) 10.4 


Magnesium hydroxide accumulates on the underlying Mg matrix as a 
corrosion protective layer in water, but when the chloride concentration in 
the corrosive environment rises above 30mmol/l (Shaw, 2003), it starts to 
convert into highly soluble magnesium chloride. Therefore, severe pitting 
corrosion can be observed on Mg alloys in vivo where the chloride content 
of the body fluid is about 150 mmol/l (Witte et al., 2005, 2006c; Xu et al., 
2007). In magnesium and its alloys, elements (impurities) and cathodic sites 
with a low hydrogen overpotential facilitate hydrogen evolution (Song and 
Atrens, 1999), thus causing substantial galvanic corrosion and potential local 
gas cavities in vivo. Synchrotron radiation-based infrared spectroscopies of 
explanted magnesium—bone interfaces have shown that proteins partly cover 
the corroding Mg surface in vivo (Witte et al., 2006a). Thus, partial protein 
adhesion could initiate or provoke local Mg implant corrosion. Apparently, 
serum proteins interact more likely with the cathodic and alkaline sites of the 
magnesium surface. Therefore, the corrosion morphology of magnesium and its 
alloys depends on the alloy chemistry and the environmental conditions (Song 
and Atrens, 1999; Witte et al., 2005). In particular, the local accumulation 
of calcium phosphates in the corrosion layer has been observed in vivo in 
bone and intravascular (Witte et al., 2005; Erbel et al., 2007), which are both 
quite different biological environments. However, as discussed in the field 
of biodegradable materials, there is at least a two-way relationship between 
the material and the biological host response, i.e. the degradation process 
or the corrosion products can induce local inflammation and the products of 
inflammation can enhance the degradation process. The complexity of this 
relationship is generally unknown for biodegradable metals, even though 
first results have shown that fast-corroding Mg alloys respond with a mild 
foreign body reaction (Witte et al., 2007b). In vivo studies were predominantly 
performed in small animals, i.e. rats (subcutaneously), guinea pigs and rabbits 
(Witte et al., 2005, 2006c, 2007a,b, Xu et al., 2007; Zhang et al., 2007). While 
magnesium-based devices were tested in large animals (sheep, pigs) reporting 
on the corrosion of magnesium chips in spinal applications (Kaya et al., 2007) 
and preclinical experiments for cardiovascular stent applications (Waksman 
et al., 2005, 2006a,b). Since the local blood flow and the water content of 
the different tissues (local chloride content, hydrogen diffusion coefficient) 
can be assumed to be different in various animal models (Table 10.1), the 
obtained in vivo corrosion rates are not directly comparable. Currently, the 
local in vivo corrosion pattern of Mg alloys in various anatomical locations 
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Table 10.1 The table demonstrates the consistency of the tissue water content in 
various species, while significant differences can be observed in the local blood 
flow in different species. Thus, it is influencing the local hydrogen diffusion 
coefficient 


Mouse Rabbit Human 
Water Blood Water Blood Water Blood 
content (%) flow (ml/ content (%) flow (ml/ — content (%) flow (ml/ 
min/100 g) min/100 g) min/100 g) 
Heart 79.0 + 0.2 39 78.2-79.0 50.0+0.8 71.2-80.3 1000 
Skin 65.1 + 0.7 18.9+1.4 54.0-67.8 12.7+1.7 67.8-75.8 120 
Bone 44.6 + 1.7 2.3+2.0 39.2-58.1 19.1+1.7 43.9 120 


Table 10.2 Analytical methods used in vitro and in vivo 


Analytical methods used in vitro Analytical methods used in vivo 
Hydrogen evolution method Atomic absorption spectroscopy (AAS) 
Electrochemical measurements (linear Atomic emission spectroscopy (AES) 
polarization, EIS) Mass spectrometry with inductively 
Volume change of the metallic coupled plasma (ICP-MS) 
volume of the remaining sample, Laser ablation for solid sampling 
microtomography X-ray fluorescence analysis with 


synchrotron source (XRF) 
Electron beam (SEM-EDX) 
X-ray diffraction (XRD) 
Microtomography 
Neutron activation analysis (NAA) 
Glow-discharge optical emission 
spectroscopy (GD-OES) 


and different mechanical loading situations are under investigation. These 
results will shed light on the underlying complex corrosion processes of the 
investigated Mg alloys in vivo. 


10.4 Methods to characterize in vivo corrosion 


10.4.1. Element distribution around corroding implants 
in vivo 

Various analytical methods have been used to determine the elemental 
components of biodegradable magnesium alloys (Mg, Al, Li, Zn, REE) 
in histological sections, bone, tissue and body fluids (Witte et al., 2008b) 
(see Table 10.2). The application of these methods for trace and ultra-trace 
analysis in small sample volumes is hampered by several problems. The 
typical concentrations of the elements mentioned above range from < | ug/L 
to about 1 mg/L in serum and from < | mg/kg up to about 500 mg/kg for 
example in liver and bone. Thus, the sensitivity of several analytical methods 


© Woodhead Publishing Limited, 2011 


412 Corrosion of magnesium alloys 


is not sufficient (AES, GD-OES, XRF, SEM-EDX) (Witte et al., 2008b). 
Further limitations are caused by time-consuming sample preparation (AES, 
OES, ICP-MS), the access to the appropriate method (NAA, synchrotron- 
based methods), the lack of sufficient lateral resolution for solid sample 
analysis (GD-OES) or challenging interferences during the measuring process 
(AAS, AES, ICP-MS, XRF) (Witte et al., 2008b). In detail, phosphate ions 
in dissolved bone samples may hamper the accurate determination of trace 
metal concentrations by AAS due to the formation of very stable phosphate 
compounds. High concentrations of alkaline and earth alkaline elements 
cause problems in AES measurements due to their strong influence on the 
line intensities of other elements. 

In ICP-MS measurements, signal distortion can occur due to contributions of 
other ions or molecular ions with the same mass-to-charge (m/z) ratios as the 
elements which are currently analysed. These effects are known for calcium, 
phosphorus, iron and zinc. Additionally, oxide formation of REEs could be 
observed leading to decreased signals and shifts in ICP-MS. Furthermore, 
X-ray spectra of REE mixtures are characterized by strong signal overlaps 
when using energy dispersive measurements. Sensitivity problems could be 
minimized if the samples are completely dissolved. In this case, ICP-MS, 
with or without pre-concentration of the analyte, will provide good results 
for most elements of the periodic system. However, locally resolved multi- 
element analysis of solid samples is still a challenging task. At present, 
micro-XRF and laser ablation ICP-MS are the most promising methods 
(Witte et al., 2008b), even though their sensitivity is limited. 


10.4.2 Corrosion rate determined from area 
measurements of the remaining metallic implant 


Histological cutting-grinding techniques are currently used to investigate 
the histological response to biomaterials at the bone-implant interphase. 
The biological response can be accurately quantified by the level of cellular 
activity and the amount of existing bone mass around the implant using 
a method called histomorphometry. The aim of histomorphometry is to 
understand the 3D reality of the 2D histological sections (An, 1999). The 3D 
expression from 2D sections can be obtained only if a series of histological 
section is examined (An, 1999). This technique can also be exploited to 
analyse magnesium corrosion in bone, even though this method detects 
only significant differences in the corrosion rate in vivo (Witte et al., 2010). 
The use of histomorphology for Mg corrosion analysis is limited by various 
factors such as overlapping boundaries of tissue and rough corrosion layer, 
an imperfect observation angle or brittle and water-soluble corrosion products 
(Fig. 10.3). These histological techniques are less favourable if magnesium 
corrosion needs to be determined. 
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10.3 Uncalcified histological section of an implanted Mg rod in 
bone tissue. White arrows indicate drop outs in the bone-implant 
interphase due to technical limitations inherently coupled to the 
cutting-grinding technique. Scale bar = 400um. 


10.4.3 General and local corrosion rate determined non- 
destructively in 3D by SRuwCT 


Mg corrosion can be determined in vivo using microtomography. Synchrotron- 
based microtomography (SRUCT) is a non-destructive method with a high 
density and high spatial resolution. Previous studies reported that SRUCT is 
a non-destructive tool for investigating the interface of materials and bone 
providing a high resolution and a high accuracy (Bonse et al., 1994; Bonse 
and Busch, 1996; Bernhardt et al., 2005). In a comparison of different 
conventional X-ray tubes, SRUCT and conventional histomorphometry, only 
SRuCT showed a reasonable fit of the bony morphology with the classical 
histological sections (Bernhardt ef al., 2004). Therefore, SRUCT has been 
investigated in attenuation mode to determine the volume decrease of the 
implanted metal as well as element-specific SRUCT to determine the spatial 
distribution of the alloying elements during in vivo corrosion (Witte et al., 
2006b). 

The non-destructive determination of the in vivo corrosion rate using 
SRuCT was performed at beamline HARWI I (W2) and BW2 at HASYLAB 
at Deutsches Elektronensynchrotron in Hamburg (Germany) (Witte ef al., 
2006c). The residual implant volume was analysed using VGStudio Max 
1.2® Software (Volume Graphics GmbH, Germany). After segmentation 
of the grey values followed by a 3D region growing method the remaining 
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metallic Mg alloy was separated from the surrounding bone matrix and the 
corrosion layer (Fig. 10.4). 

Thus, the remaining non-corroded metal volume as well as the sample 
surface was determined in three dimensions non-destructively on a micrometer 
scale. The reduction of metal implant volume could be converted into a 
corrosion rate by using a modification of the ASTM G31-72, 2004 equation 
(10.5) for weight loss measurements: 


W 


CR= a 


10.5 
where CR is the corrosion rate (mm/year), W is the weight loss of the metal 
or alloy, A is the initial surface area exposed to corrosion, p is the standard 
density of the metal or alloy and ¢ is the time of immersion. Herein the 
weight loss was substituted by the reduction in volume (AV) multiplied by 
the standard density (p), resulting in equation (10.6): 


cR= AY 10.6 


A:-t 
where AV is the reduction in volume that is equal to the remaining metal 
volume subtracted from the initial implant volume. 
This method provides a non-destructively general corrosion rate of the 
implanted metal. A more local corrosion analysis is possible if the corrosion 
rates are calculated based on the pitting depth. It was shown that even slowly 


(a) (b) 


10.4 3D reconstruction of remaining Mg alloy (black, after 18 weeks 
of implantation) segmented from the bone matrix (grey) by a voxel 
growing method: (a) AZ91D, (b) LAE442; bar = 1.5mm. With kind 
permission from Elsevier (Witte et a/., 2006). 


© Woodhead Publishing Limited, 2011 


Magnesium (Mg) corrosion: a challenging concept 415 


corroding Mg alloys as well as the effect of coating in vivo could be analysed 
using a segmented data set of in vivo corroded Mg alloy LAE442 (Witte 
et al., 2010). Measurements of the residual implant volume indicated that 
the uncoated Mg alloy LAE442 degraded by 10% (3.7mm?) of its initial 
volume after 12 weeks postoperatively, while the MgF, coated LAE442 
lost about 4% (1.4mm7*) of its initial volume. SRuCT enables the detection 
of corrosion in vivo for LAE442 and LAE442+MgF, as early as 2 weeks 
postoperatively (Fig 10.5) while differences between the coated and uncoated 
Mg alloy could be detected as early as 4 weeks postoperatively (Witte et 
al., 2010). The MgF, coated Mg alloy degraded significantly slower than 
the non-coated Mg alloy (Table 10.3). The corrosion morphology could 
be determined non-destructively in 3D by SRUCT (Fig. 10.6). Localized 
corrosion attack occurred on the coated and non-coated Mg alloy (Fig. 
10.6). Corrosion occurred as irregular shallow or deep pits that were locally 
spread over the whole implant surface. The pits were observed to be more 
frequently aligned to the extrusion direction, while areas which were covered 
by bone exhibited no or less corrosion attack. In this case, the direct bone 
contact or bone apposition acted as a protective layer. Even though the 
initial corrosion rate determined by SRuCT for the MgF,-coated Mg alloy 
was low, the corrosion rate of the MgF, coated Mg alloy decreased faster 
to lower corrosion rates than the uncoated Mg alloy during the implantation 
period (Table 10.4). Both coated and uncoated Mg alloy LAE442 showed 
low corrosion rates after 12 weeks of implantation (Table 10.4). 
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10.5 The implant volume of LAE442 and magnesium fluoride (MgF,2)- 
coated LAE442 at different postoperative intervals. Results were 
obtained from SRuCT analysis. The number of analysed samples (n) 
at each time point is stated below the diagram. With kind permission 
from Elsevier (Witte et a/., 2010). 
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Table 10.3 In vivo corrosion rates (mm/yr) calculated from the volume reduction 
of the corroding metal implant according to equation 10.6°. With kind permission 
from Elsevier (Witte et a/., 2010). 


2 weeks 4 weeks 6 weeks 12 weeks 
(mm/yr) (mm/yr) (mm/yr) (mm/yr) 
LAE442 0.58 + 0.06 0.46 + 0.11 0.43 + 0.10 0.31 + 0.06 


LAE442 + MgF, 0.40 + 0.03* 0.29 + 0.04* 0.14 + 0.02* 0.13 + 0.03* 


@ Values presented as mean of all samples of one time interval + standard 
deviation. 
* Indicates sig. differences (p < 0.05) between LAE442 and LAE442 + MgF, coating. 


(a) (b) 


10.6 Reconstructed and visualized SRuCT data showing the 
morphology of in vivo corroded magnesium alloys LAE442 (a) and 
magnesium fluoride-coated LAE442 (b) 12 weeks postoperatively. 
The 3D reconstruction shows the surface of the residual metallic 

Mg alloy exhibiting a regular pattern of pitting corrosion on LAE442 
samples (a) and more uniform corrosion with singular deep pits with 
the LAE442 + MgF2 sample. The dominant corrosion morphology 
appeared as pitting corrosion (a and b). With kind permission from 
Elsevier (Witte et al., 2010). 


The weight loss measurements are usually limited to materials exhibiting 
uniform corrosion, but might give a more complete picture if additionally 
reported to local corrosion rates. In case of SRWCT-based in vivo corrosion 
measurements of Mg alloys the weight loss measurements as well as 
measurements of pit depths can be compared in different biological 
environments. The pitting factor is the ratio of the deepest pits resulting 
from corrosion divided by the average pit depth as calculated from weight 
loss (ASTM G46), with higher values indicating a greater susceptibility 
to pitting while a pitting factor of one represents uniform corrosion. In a 
previous study, the pitting factor at 6 weeks was significantly higher with 
MgF,-coated LAE442 implants than with uncoated implants (Witte ef al., 
2009). Interestingly, the 2D measurements of the remaining metallic area 
also confirmed that MgF>-coated LAE442 has the tendency to corrode more 
slowly in vivo than the uncoated Mg alloy LAE442. However, significant 
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Table 10.4 Corrosion rate (mm/yr) based on the maximum pit depth and based 
on the mean of the pit depths that were calculated from pit measurements on 
SRuCT tomograms’. The pitting factors demonstrate that pitting is the prominent 
corrosion form in MgF,2 coated LAE442 after 6 and 12 weeks of implantation. With 
kind permission from Elsevier (Witte et a/., 2010). 


2 weeks 4 weeks 6 weeks 12 weeks 
(mm/yr) (mm/yr) (mm/yr) (mm/yr) 
LAE442 
CR (max pit depth)" 2.28 + 0.40 1.89 + 0.20 1.61 + 0.06 1.32 + 0.12 
CR (mean pit depth)" 1.75 + 0.20 1.58 + 0.20 1.31 + 0.06 0.96 + 0.08 
Pitting factor> 3.91 + 0.71 4.54 + 0.96 3.85 + 0.84 4.33 + 0.75 
LAE442 + MgF. 
CR (max pit depth)" 1.76 + 0.34 1.46 + 0.24* 1.35 + 0.29 1.10 + 0.18 
CR (mean pit depth)” 1.29 + 0.26 0.98 + 0.10* 1.00 + 0.22 0.77 + 0.13 
Pitting factor> 4.45 + 1.11 5.26 + 0.85 9.96 + 2.29* 8.55 + 0.52* 


* Values presented as mean of all samples of one time interval + standard 
deviation. 

> Factors were calculated individually according to ASTM G46 and presented as 
mean values. 

* Indicates sig. differences (p < 0.05) between LAE442 and LAE442 + MgF, coating. 


differences in the remaining metallic implant area between the coated and 
uncoated Mg alloys could be determined by this 2D measurement as early as 
12 weeks postoperatively (Witte et al., 2010). The high standard deviation 
expresses the limitations with 2D area measurements. Therefore, corrosion 
rates based on SRUCT are closer to reality than corrosion rates based on 
2D measurements on histological serial sections. However, the advantage 
of histological serial sections is that the tissue and cells can be evaluated at 
a high lateral resolution. In general, SRUCT seems to be a superior method 
for the non-destructive evaluation of the corrosion morphology and the 
determination of the corrosion rate of biodegradable metal implants. The 
corrosion morphology can be evaluated three-dimensionally, which seems 
to be an advantage over standard metallurgical and histomorphometrical 
methods. 


10.4.4 Local gas cavity formation accompanying Mg 
implant corrosion 


A common observation from in vivo experiments in biodegradable Mg 
research is the local formation of gas cavities which accompanies the implant 
corrosion. However, there are contradictory reports on the occurrence of gas 
cavities subcutaneously while intravasal application showed no local gas 
accumulation. An explanation for this observation might be based on the 
diffusion and solubility coefficient of hydrogen in biological tissues which 
has been widely reviewed (Lango et al., 1996). The solubility of hydrogen 
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in tissues is influenced by the content of lipids, proteins and salinity, but 
in fat and oils, the solubility seems to be approximately independent of 
temperature in the physiological range (Piiper et al., 1962; Lango et al., 
1996). Not only viscosity but also different tissue components and structures 
such as lipids, proteins and glycosaminoglycans influence the numeric value 
of the hydrogen diffusion coefficient (Vaupel, 1976; Lango et al., 1996). 
Depending on experimental configuration, the diffusion coefficient may be 
underestimated in both stagnant and flowing media due to a boundary layer 
formation, which increases the effective diffusion distance (Lango et al., 
1996). This finding might be important for intravascular Mg applications. 
Correlating the hydrogen diffusion coefficients from various biological media 
having fractional water contents from about 68% to 100% demonstrated 
that the diffusion coefficient of hydrogen increases exponentially with 
the increasing water fraction of the tissue (Vaupel, 1976). Table 10.1 
demonstrates that the tissue water content increases from adipose tissue 
to skin to bone and to muscles in animals and humans, but is similar for 
the same tissue regardless of the species. This might explain why different 
corrosion rates and gas cavities were observed for Mg alloys in different 
anatomical implantation sites (Wen et al., 2004; Witte et al., 2005, 2007b; 
Xu et al., 2007). 

In an animal study with rats, it was shown that the adsorption of hydrogen 
gas from subcutaneous gas pockets was limited by the diffusion coefficient of 
hydrogen in the tissue; the overall hydrogen adsorption rate was determined 
as 0.954 ml per hour (Piiper et al., 1962). Thus, the local blood flow and the 
water content of the tissue surrounding the implant are the most important 
parameters which should be considered in designing biodegradable Mg alloys 
with an appropriate corrosion rate. Concomitantly, it can be assumed that 
local hydrogen cavities occur when more hydrogen is produced per time 
interval than can be dissolved in the surrounding tissue or diffuse from the 
implant surface into the extracellular medium which is renewed depending 
on the local blood flow. This means that Mg alloys are corroding in vivo 
with an appropriate corrosion rate when no local gas cavities are observed 
during the implantation period in a specific anatomical site. 


10.5 In vitro corrosion test methods 


When dealing with materials for biomedical applications one has to deal 
with a more complex environment than for technical applications. Although 
this includes a quite defined surrounding for a specific tissue, the problem 
is that many of the parameters found in such tissues are not well described. 
Additionally, the biological reactions to a degrading material are poorly 
understood. This can be observed, for example, for degradable polymers, of 
which only polylactid acid (PLA) and polyglycolic acid (PGA) have reached 
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the state of certification by ASTM and are approved by the US Food and 
Drug Administration (FDA), although many others have been in clinical 
application for some decades. 


10.5.1 Basic and technical tests for in vitro corrosion 


The basic in vitro tests derived from technical applications are the salt spray 
test (ASTM B-117) and the submersion test, performed in saline solutions 
(3.5% NaCl, ASTM G31-72 (2004) Standard Practice for Laboratory 
Immersion Corrosion Testing of Metals). Both tests are conducted at room 
temperature. By such tests the mass loss can be determined according to 
equation (10.5). The mass loss is calculated after removing the corrosion 
products with chromic acid, which at the same time removes the corrosion 
products and inhibits further corrosion (Lorking, 1964), which is suitable for 
technical applications but may raise problems in biological environments. 

An alternative test is the hydrogen evolution method (Kray, 1934). This 
test is based on the fact that during Mg dissolution an equal part of hydrogen 
is produced (equation 10.7). By collecting the evolving hydrogen gas the 
corrosion rate can be determined easily and rapidly (Song and Atrens, 2003) 
with material available in most laboratories (Fig. 10.7). 


2Mg + 2H* + 2H,O @ 2Mg”* + 20H + 2H, 10.7 


10.7 Schematic drawing of the setup for measuring corrosion rates 
by the hydrogen evolution method. The Mg sample is immersed 
below a funnel which is directing the gas bubbles into a burette 
which is filled with a solution. 
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The calculation of the corrosion rate in mm per year is done by converting 
the total amount of collected hydrogen into material loss (1 ml H, gas = 
0.001083 g dissolved Mg) and using equation (10.8) (weight change Ag 
in g, surface area A in cm?, time ¢ in h, density of the alloy p in g/cm”). 
Corrosion rates determined by hydrogen evolution and mass loss methods 
show a very good correlation (Song and Atrens, 2003; Hort et al., 2010), 
independently of the use of pure magnesium or Mg alloys. 


4 
cR = 276: 10° - Ag 10.8 
A-t-p 

One advantage of this method is the option for time-resolved measurements. 
By measuring at different time points, variations in the corrosion rate can 
be determined. As the mass loss method is an endpoint measurement, it is 
not possible to use it for time-resolved experiments. For the measurement 
of the evolving hydrogen a more sophisticated instrumentation is necessary. 
Eudiometers (as recommended by DIN 38414-8) are less prone to experimental 
errors as well as being highly standardized and calibrated. They also offer 
the option for automation which increases the sample number of parallel 
truly online measurements. 


10.5.2 Measurement of element and ion release in the 
corrosion solution 


The characterization of ion and element release may be crucial for some 
applications mainly in the biomedical field. There are various methods 
available and the most common ones are listed in this section. The easiest 
setup is the corrosion of pure Mg samples, but there are also manifold 
methods to determine the release kinetics of alloying elements even though 
they are more challenging to analyse. 


10.5.3 Osmolality measurements 


Osmolality measurements are very basic measurements without the possibility 
of quantifying elements in solution. This method determines the amount of 
ions in solutions by changing the freezing point. In clinical applications, 
osmolality measurements are normally used to determine blood plasma 
osmolality. However, for complex solutions with undetermined components, 
osmolality measurements are a very fast, simple and reliable method. If a 
calibration is performed by increasing concentrations of MgC)», the osmolality 
measurements can be used to quantify pure magnesium corrosion. The 
measurement range is from 0 to about 3000 mOsm/kg. 
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10.5.4 Titration 


The standard method to quantify element release is titration. There are 
standard procedures for most commonly used elements. Therefore titration 
can be recommended for pure magnesium or binary alloys with alloying 
elements for which established titration methods are available. The advantage 
is the relative low cost of the instrumentation (beaker and burette). The 
disadvantages are the use of special chemicals and the time-consuming 
procedure. For the titration of Mg ions calcium ions must be excluded. If 
calcium ions are present a further titration step has to be included. 


10.5.5 lon-selective electrodes (ISE) 


The determination of magnesium can also be performed by using ion-selective 
electrodes (ISE). Although the electrodes are called ‘ion specific’ there is 
interference with other ions. This is especially true for magnesium and 
calcium. Therefore the method includes two electrodes: one for magnesium 
and calcium (water hardness) and one for calcium. The Mg concentration can 
be determined by the subtraction of the calcium measurement from the water 
hardness value. The measurement is fast and easy, the major cost for this 
method is related to the electrodes. The basic principle of the measurement 
is the conversion of ion activity to an electric potential (Bobacka ef al., 
2008). Even though the measurement range is very broad, both electrodes 
are able to measure concentrations between 5 oo 10-°M (0.02 ppm) and 1M 
(40000 ppm). This technique is very promising because of the development 
of microelectrodes for cellular measurements and for in vivo experiments 
(Giinzel and Schlue, 2002; Bobacka et al., 2008). 


10.5.6 Sophisticated methods: availability and challenges 


There are various methods derived from trace or ultratrace analysis of elements 
available. However, the instruments are expensive; sample preparation 
may be difficult or has to be done very carefully to avoid even minute 
contamination, or the method is only available at neutron or synchrotron 
sources with limited access. 


10.5.7 Applicability and modification of submersion test: 
solutions, proteins and environment 

The corrosion resistance of magnesium and its alloys is highly dependent 

on the purity of the material. A high-purity alloy can exhibit 10-100 times 


higher corrosion resistance than standard purity alloy in salt solutions (Song 
and Atrens, 1999). However, salt solutions do not represent the physiological 
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or biological environment found at the implant site. Moreover, anatomical 
implant sites differ highly in their properties, e.g. the hydrogen diffusion 
coefficient or the water fraction (Witte et al., 2008b). Therefore, more 
physiological solutions must be used to approach the physiological conditions. 
A standardized mixture of simulated body fluid (SBF) was recommended by 
Bohner and Lemaitre (2009), because there are several SBF solutions with 
slight variations in compositions (Kokubo ef al., 1987; Tas, 2000; Oyane 
et al., 2003), leading to non-standardized conditions and incompatibility 
of the results. The approach to simulate the inorganic compound of blood 
plasma already is a step in the right direction; however, in the physiological 
surrounding proteins are also widely abundant. 

Only a few studies on the influence of proteins are available. Liu et al. 
(2007) found a significant increase in corrosion resistance just by adding 
albumin to SBF. A clear influence and dose-dependence of albumin was also 
reported by Mueller et al. (2009). In another study the corrosion resistance of 
magnesium in physiological solutions was not measured and the composition 
of the corrosion layer was analysed (Rettig and Virtanen, 2009). No differences 
in the corrosion resistance were observed after extensive exposure (days) 
to physiological solutions with or without proteins (Rettig and Virtanen, 
2009). Our own studies indicate a clear delay of corrosion by proteins and 
the evaluation of the corrosion mechanism under the influence of protein 
mixtures is an important topic in current research. Therefore, a reliable in 
vitro setup should contain a certain amount of proteins. For standardization 
purposes undefined mixtures such as fetal bovine serum (FBS) should not 
be used, defined protein mixtures with the most important proteins in the 
targeted tissues being preferred. 


10.6 Future trends 


The first hurdle to developing Mg alloys that corrode in vivo without clinically 
visible hydrogen gas cavities has been already taken. The solution is based on 
a proper selection of alloying elements combined with an extrusion process 
and can be further combined by coating options. Another approach to obtain 
very slow corroding Mg alloys in vivo is based on metallic Mg glasses which 
contain a zinc content higher than 30 at.%. However, it has to be kept in 
mind that the in vivo corrosion rate will decrease after implantation while a 
more complex and stable corrosion layer is formed on the corroding implant. 
Thus, previous developments in polymer and calcium phosphate ceramics 
reveal that very slow degrading biomaterials have a high risk of remaining 
at least partly in the tissue, hence contradicting the initial idea to create 
temporary implant materials. Therefore, the Mg corrosion rate still needs to 
be adapted to the special requirements of the specific biomedical application. 
In the near future, more advanced in vitro tests systems will be developed 
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which resemble more accurately the in vivo conditions and are also suitable 
for high content screening. This test system development is necessary, since 
many different cell types will be in contact with the corroding implant and 
its coating or its corrosion products. 
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Corrosion of magnesium (Mg) alloys in 
engine coolants 


G.-L. SONG, General Motors Corporation, USA and 
D. H. StJOHN, The University of Queensland, Australia 


Abstract: The corrosion of engine blocks by engine coolant is a critical 
issue for the automotive industry. In this chapter, after a summary of some 
fundamental aspects of the corrosion of pure magnesium in ethylene glycol 
solutions, a review of the corrosion performance of magnesium alloys in 
ethylene glycol solutions is presented. Based on the knowledge gained, the 
corrosion behaviour of AZ91D and some recently developed magnesium 
engine block alloys in several selected commercial coolants is assessed by 
means of immersion testing, hydrogen evolution measurement, galvanic 
current monitoring and the well-accepted ASTM D1384 standard test. 
Finally, a corrosion inhibition strategy is presented and inhibitors suitable for 
magnesium alloys in coolants are identified. 


Key words: magnesium alloys, corrosion, coolant. 


11.1 Introduction 


Magnesium (Mg) alloys are promising structural materials for the automotive, 
aerospace and electronic industries. Particularly in automotive applications, a 
magnesium engine block can significantly reduce the weight of an automobile 
and therefore its fuel consumption and environmental impact. In the near 
future, magnesium alloys may become important engine materials for the 
automotive industry. For potential applications, new magnesium alloys have 
recently been developed [1,2]. For example, a three-cylinder turbo diesel 
engine with a lightweight AM-SC1 engine block was successfully developed 
by AVL List using a proprietary coolant additive that was supplied by 
BASF [3]. 

Since magnesium alloys are more susceptible to corrosion attack in aqueous 
solutions than iron and aluminum-based alloys, corrosion caused by contact 
with the engine coolant is a major concern if magnesium alloys are to be used 
for engine blocks. To ensure successful commercialization of magnesium 
engine blocks it is important to understand the corrosion performance of 
magnesium alloys in coolants. Unfortunately, even though the corrosion 
mechanisms of magnesium alloys in aqueous media have been widely 
investigated recently [4-7], relevant studies on the corrosion mechanisms 
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of magnesium in coolants are quite rare [8—10]. Currently, there is little 
confidence in answering some critical questions with regard to a magnesium 
alloy’s ability to survive in conventional coolants that have been developed 
for non-magnesium alloys. It is unclear whether a suitable coolant is already 
available in the market that works for magnesium alloys. Therefore, it is 
important to understand the corrosion of magnesium alloys when in contact 
with engine coolant and then, based on that knowledge, develop or search 
for a suitable coolant for magnesium alloy engine blocks. 


11.2 Magnesium (Mg) alloys and coolants 


Magnesium alloys are not currently used as engine block materials containing 
coolant channels. Existing standards and regulations for cast iron and 
aluminium engine systems cannot be directly applied to a magnesium 
engine system. There are no particular regulations or specifications to follow 
regarding the selection of suitable alloys and coolants for a magnesium 
engine block. 


11.2.1 Magnesium engine block alloys 


So far, there is limited power-train experience with magnesium alloys. 
Owing to critical mechanical and thermal requirements, such as high-strength 
stability, creep resistance, fatigue performance and thermal conductivity 
not many commercial magnesium alloys can be used as an engine block 
material. Table 11.1 lists some basic laboratory property specifications. Before 
sufficient experience has been gained by the auto industry regarding the use 
of magnesium engine blocks, Table 11.1 is a good starting point. 
Currently, only a few magnesium alloys have been evaluated or tested 
in the laboratory for application in a magnesium engine block. These are 
EZ33, WE43, AM-SC1, AS21X, AS31, AXJ530, AJS2X, AJ62, MRI153M, 
MRI230D, ML10 and MRI202S. Generally speaking, those magnesium 
alloys that contain a high concentration of rare earth elements and relatively 
easily meet the property specifications. The cheaper aluminium-containing 


Table 11.1 Critical property specifications for a sand-cast Mg 
engine block alloy over a range of operating temperatures [2] 


Operating temperature 


Room temp 150°C 177°C 
0.2% proof stress (MPa) 120 110 
Creep strength (MPa) 110 90 
Fatigue limit (MPa) 50 
Thermal conductivity (W/km) 115 
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magnesium alloys normally do not have good high-temperature properties 
and have been limited to some low-temperature power-train applications. 


11.2.2 Engine coolants 


Commercial coolants are solutions of ethylene glycol (30~70 vol.%) in 
water combined with additives. The additives include corrosion inhibitors, 
buffers, lubricants and anti-foaming agents. Many brands of coolants have 
been developed and are commercially available for aluminium and cast iron 
engine blocks. Although there was effectively no change in coolants when the 
automotive industry went from iron to aluminium engine blocks, innovation 
in coolants is required this time for the industry to be able to move into a 
magnesium engine block era, as magnesium is ‘special’. 

The main composition of a conventional coolant is ethylene glycol 
(CjH¢0 ). Its molar mass is 62.068 g/mol, density 1.1132 g/cm’, melting point 
—12.9°C and boiling point 197.3 °C. It can mix with water in all proportions 
and the boiling point decreases with increasing water content. The freezing 
point of an ethylene glycol solution can reach a minimum —51 °C when the 
water content is 60 vol.%. Therefore, ethylene glycol solutions have a wide 
operating range as a coolant. 

The critical component of a commercial coolant is its inhibitor package. 
It is well known that different inhibitors can lead to different inhibition 
performance. Considerable research has been carried out in the area of 
coolant corrosion and inhibition [11-16]. 

Traditional coolants usually contain molybdate, phosphate, borate, 
nitrate, nitrite, tolyltriazole, benzoate silicate, etc., as inhibitors. In addition, 
some organic acid-based long-life coolants have recently emerged in the 
market, which contain organic acid carboxylate ions as the main inhibitors 
[17-19]. In summary [20,21] most current coolants include silicate for high 
temperature corrosion protection of Al; European coolants more likely contain 
a borate—benzoate plus nitrite, nitrate, silicate, triethanol amine, phosphoric 
acid, sodium mercaptobenzothiazole; and the triazole and the nitrite are 
currently being replaced by salts of organic aliphatic acids. In the USA, 
coolants contain a large amount of phosphate and varying amounts of nitrate, 
silicate and triazole. Currently, other inhibitors are being investigated, such 
as disodium sebacate, the sodium salt of decandioic acid, monobasic and 
dibasic carboxylic acids, etc., and these may have recently emerged in the 
market. 

The introduction of formulations that use organic acid salts as the major 
inhibitors opened new prospects for long-life coolants. In the organic 
acid-based long-life coolants, carboxylate ions determine the inhibition 
performance. An organic species is likely to be adsorbed on a metal surface. 
The adsorbed organic species more or less act as inhibitors and their degree 
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of inhibition depends on the coverage of the adsorptive film on the metal. 
It has been reported that an inhibitor package free of silicate, nitrate, borate 
and phosphate, containing aliphatic mono- and di-carboxylic acids and 
tolyltriazole that deplete much more slowly than conventional inhibitors, 
can significantly extend the service life of a coolant [22]. 

From a long-term perspective, a coolant should have at least the following 
properties in addition to corrosion inhibition: (1) be insensitive to hard water 
(phosphate-free); (2) be resistant to silica gelation for long-term storage and 
water pump sealing (silicate free); (3) have reduced toxicity and environmental 
hazard. It is clear that the development of organic-based long-life coolants 
will continue to be an important research direction in order to further reduce 
coolant corrosion. 


11.3. Laboratory evaluation methodology 


There are many standard testing methods for evaluating the corrosion 
performance of a material in coolants, including large-scale pilot tests to 
laboratory-scale simulation tests. As magnesium alloys for engine block 
applications are still in an early stage of development, laboratory screening 
of suitable coolants is an essential step in the successful selection of 
coolants. In this chapter, only laboratory evaluation methodologies are 
discussed. 


11.3.1 Coolant solutions for laboratory tests 


Many coolant relevant solutions can be tested in the laboratory. Generally 
speaking, these solutions can be classified into three groups: (1) ethylene 
glycol solutions; (2) commercial coolants; and (3) modified and newly 
developed coolants. 

The ‘basic’ ethylene glycol solutions can be made from AR grade ethylene 
glycol and demineralized water. Corrosive (aggressive) water (ASTM D1384- 
96 [23]) can also be used to make corrosive (aggressive) ethylene glycol 
solutions. The aggressive water solution can be prepared by dissolving 
148mg Na SO, 165mg NaCl and 138mg NaHCO; into ASTM type II 
demineralized water, and the resulting solution is then made up to | L with 
the demineralized water. NaCl, Na,SO4, NaHCO3, Mg(OH)., Mg(NO3)>, 
KF, etc. can also be added into the basic ethylene glycol solutions for the 
investigation of the effects of these chemicals on the corrosion performance 
of magnesium. 

Commercial coolants are those currently available in the market. Solutions 
are prepared by simply following the product instructions for use in a 
vehicle radiator. Commercial coolants can be modified by the addition of 
new inhibitors to make them suitable for magnesium alloys. New coolants 


© Woodhead Publishing Limited, 2011 


430 Corrosion of magnesium alloys 


can also be developed specifically for magnesium alloys and can also be 
evaluated in the laboratory. 


11.3.2 Immersion, hydrogen collection and weight loss 
measurement 


The combination of immersion, hydrogen collection and weight loss 
measurement is an easy corrosion evaluation method, particularly for 
magnesium alloys. The method, first established and used by Song et al. [5] 
to estimate and monitor the corrosion rate of magnesium in a NaCl solution, 
has been widely adopted as a common corrosion rate measurement technique 
for magnesium alloys in various aqueous solutions. The reliability of the 
method has been theoretically and experimentally demonstrated [24,25] and 
the details will not be repeated here. 

Before immersion, the specimens are polished with SiC paper, cleaned with 
distilled water and acetone, dried and weighed for the original weight (wo), 
and then immersed in beakers that contain 500 ml of coolant at controlled 
temperatures. The duration of immersion is normally 2 weeks. At the same 
time, hydrogen evolved from the magnesium specimens is collected. After 
immersion, the loose corrosion products on the specimen surfaces are 
removed with a brush. The corrosion products that could not be brushed 
off are removed by immersing these magnesium specimens in a chromic 
solution (200 g/L CrO3 + 10g/L AgNO3) for 5—10 minutes. The specimens 
are subsequently washed in demineralized water, dried and weighed again 
to obtain the final weight (w,). The weight loss caused by corrosion in the 
coolant was then calculated (wo-w)). 


11.3.3 Galvanic current measurement 


Galvanic corrosion within the engine cooling system is one of the biggest 
concerns. It is quite possible that a magnesium engine block has an Al alloy 
head. The galvanic effect between magnesium alloys and the aluminium alloy 
should be evaluated in the laboratory. The setup shown in Fig. 11.1 is quite 
simple. Magnesium and aluminium alloy electrodes are immersed in a beaker 
of the coolant, face to face with a fixed distance (2cm) between them. The 
galvanic current between these two electrodes is then monitored. 

Recently, a sandwich-like assembly consisting of aluminium, stainless 
steel and magnesium coupons, which simulates a magnesium engine block 
with an aluminium head and a steel gasket inserted between the two alloys, 
has also been used by Zhang ef al. to evaluate the galvanic corrosion of 
magnesium in a coolant [9]. 


© Woodhead Publishing Limited, 2011 


Corrosion of magnesium (Mg) alloys in engine coolants 431 


11.1 Schematic illustration of a setup for galvanic current 
measurement (based on Song and StJohn [26)). 


11.3.4 Polarization and electrochemical impedance 
spectrum (EIS) 


In the laboratory, electrochemical techniques can quickly compare corrosion 
rates of different magnesium alloys in different coolant solutions. More 
importantly, electrochemical results are useful for elucidating the corrosion 
mechanism of a magnesium—coolant system. Polarization curves and 
electrochemical impedance spectra (EIS) of a magnesium alloy can be 
measured in an electrolytic cell containing about 500mL ethylene glycol 
solution using an electrochemical measurement system. The polishing 
and cleaning of electrodes should be the same as specified in the above 
hydrogen evolution and weight loss measurements. The polarization starts 
from a cathodic potential of about —700 to -800 mV relative to the corrosion 
potential and stops at an anodic potential of +1000 to +1500 mV relative to 
the corrosion potential. The scanning rate is set at 10 mV/min. AC impedance 
measurements can be conducted at the open-circuit potentials (OCP). The 
amplitude of AC signals is normally 5mV, and the measured frequency 
range is from 1 mHz to 1 kHz. 
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11.3.5 ASTM standards (D1384 and D4340) 


ASTM D1384 and D4340 are two of the most popular laboratory standards. 
ASTM D1384 was designed to simulate the coolant circuit in an engine 
assembly. This test mainly evaluates the galvanic effect on induced 
corrosion damage in the cooling system. Commercially made coupon 
bundles as described in ASTM D1384 can be purchased. It needs to be 
slightly modified with a magnesium plate inserted into the standard bundle 
for laboratory use. 

ASTM D4340 was originally established to evaluate the effectiveness of 
engine coolants in combating corrosion of Al alloys with the coolant heat- 
transfer conditions set at 135°C under a pressure of 193 kPa. Crevice and 
cavitation corrosion damage can also be assessed by carefully analysing the 
sample surface and weight loss measurement after a 1 week test. Certainly, the 
standard can be very easily adapted to evaluate the corrosion of magnesium 
alloys under the same testing conditions by simply replacing the Al alloy 
disk with a magnesium alloy one in the experimental set-up. 


11.3.6 Acceptable corrosion threshold for laboratory 
evaluation 


There is no specific criterion for an acceptable laboratory corrosion rate 
for magnesium alloys in coolants. However, according to ASTM D4340, 
a rate of weight loss greater than 1 mg/cm?/week for an aluminium alloy 
is considered to be unacceptable. Considering that the same volume loss 
caused by corrosion should be used as the criterion for the acceptance of a 
magnesium alloy, 0.67 mg/cm7/week is therefore regarded as an acceptable 
threshold for magnesium alloys [26,27]. 

For galvanic corrosion, 0.67 mg/cm?/week corresponds to a current 
density of 8.8A/cm?. Therefore, a galvanic current density of 8.8 wA/cm? 
is regarded as an acceptable threshold for magnesium when tested in the 
current laboratory galvanic measurement test. 


11.4 Corrosion of magnesium (Mg) in ethylene 
glycol solution 


Since the primary component of an engine coolant is ethylene glycol 
and magnesium is the basis of magnesium alloys, pure magnesium in 
ethylene glycol can be regarded as a simplified representative corrosion 
system. Results from this system will reveal the corrosion behaviour of 
magnesium alloys in coolants. Moreover, an engine block is not operating 
all the time. While the engine is not running, the alloy is simply exposed 
to static coolant at room temperature. The corrosion performance of an 
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engine material immersed in a coolant at room temperature should also have 
a vital contribution to the service life. Therefore, fully understanding the 
corrosion behaviour and mechanism of magnesium immersed in ethylene 
glycol solutions is an essential step prior to identifying successful coolants 
for magnesium alloys. The results obtained at ambient temperature will 
provide a baseline for the study of the corrosion of magnesium alloys in 
hot, flowing coolants. 


11.4.1. Effect of the concentration of ethylene glycol on 
corrosion rate 


There is very limited information on the corrosivity of magnesium in ethylene 
glycol. It has been indicated [28] that magnesium is suitable for exposure 
to any concentration of ethylene glycol, but inhibitors may be required for 
warranted service. Basically, pure ethylene glycol is inert to magnesium. 
However, the presence of water in an ethylene glycol solution may cause 
magnesium to corrode to some degree [27]. Figure 11.2 shows that the 
corrosion rate of pure magnesium slightly decreases as the concentration of 
ethylene glycol increases. When the concentration of ethylene glycol is less 
than 33 vol.%, the corrosion rate is higher than 1 mg/week/cm? (~0.14 mg/ 
cm?/day), which is an unacceptable threshold for an aluminium alloy in a 
coolant [29]. 

These results indicate that pure ethylene glycol is almost inert to magnesium 
and the corrosion of magnesium in an ethylene glycol solution is closely 
related to the water content of the solution. 
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11.2 Corrosion rate of pure magnesium in various concentrations of 
ethylene glycol solution for 2 weeks [27]. 


© Woodhead Publishing Limited, 2011 


434 Corrosion of magnesium alloys 


11.4.2 Effect of water impurities on corrosion rate 


Water quality can influence the corrosion of magnesium in an ethylene glycol 
solution. If an ethylene glycol solution is made from corrosive water, then 
the corrosivity of the solution is expected to be higher. It was found [27] 
that the corrosion rate of magnesium in an ethylene glycol solution made 
from the aggressive water is much higher than that in the solution made 
from an ASTM type II demineralized water. The increased corrosivity can 
be attributed to the contaminants in the aggressive water, i.e. NaCl, Na.SO4 
and NaHCO3. 

NaCl is known to be detrimental to the corrosion of magnesium in most 
aqueous solutions and Na,SOy, has been reported [5] to have an inhibitive 
effect on magnesium in a NaCl solution. The individual influences of NaCl, 
Na,SO,4 and NaHCO; on the corrosion rate of magnesium in 33 vol.% basic 
ethylene glycol solution have been reported by Song and StJohn [27]; the 
corrosion rate increases with increasing concentration of any one of the 
contaminants; NaCl has the most detrimental influence on the corrosion of 
magnesium, while NaHCO; exhibits a less adverse effect and the effect of 
Na,SO, is relatively mild in comparison. 

Similarly, adverse effects on the corrosion of magnesium in ethylene 
glycol solutions can also be observed for the impurities of Mg(NO3),. and 
Mg(OH)> (see Fig. 11.3). 

An interesting finding regarding impurity effects is the complicated 
interaction between these two contaminants in ethylene glycol (see Fig. 11.4). 
The corrosion rate of magnesium increases with increasing concentration of 
Na SOx, or NaHCO; in a chloride-containing ethylene glycol solution when 
the concentration of Na,SO,4 or NaHCO; is relatively high. However, a small 
amount of Na,SO, or NaHCO; addition appears to inhibit the corrosion 
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11.3 The 2 week average corrosion rates of pure magnesium in 33 
vol.% of ethylene glycol solution with various additions of Mg(NO3)>. 
and Mg(OH)>. 
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11.4 The 2 week average corrosion rates of pure magnesium in 33 
vol.% of ethylene glycol solution contaminated by 336.16 mg/L NaCl 
with various additions of NazSO, and NaHCO; [27]. 


of magnesium to some degree in the chloride-containing ethylene glycol 
solution. 


11.4.3 Corrosion mechanism 


Pure ethylene glycol has very poor electrical conductivity and is almost an 
insulator. It has been measured in the laboratory that the resistivity of pure 
ethylene glycol is about 40 times higher than ASTM type II water [27]. 
Therefore, the resistivity of ethylene glycol solution would decrease with an 
increase in the water content. Moreover, dilution by water tends to facilitate 
the hydrolysis of the hydroxyl groups of ethylene glycol, leading to increased 
conductivity as well. The resistivity of a 33 vol.% ethylene glycol solution 
in the laboratory has been measured to be about 10*Q cm [27], much higher 
than that of a normal aqueous solution (usually less than 10° Qcem). Therefore, 
the high solution resistivity plays an important role in corrosion. 

In an ethylene glycol solution, the corrosion damage to magnesium is 
localized. Pitting can be clearly seen on the surface [27], and the surrounding 
region where it has not been corroded is relatively shiny. The pit is an 
active anode and the surrounding shiny region is a cathode protected from 
corrosion by pitting. Figure 11.5 schematically illustrates the localized 
pitting corrosion and the corresponding equivalent circuit for magnesium in 
an ethylene glycol solution. In the equivalent circuit, Cg is the capacitance 
of the non-corroded area of the magnesium specimen, R,, and C,, are the 
resistance and capacitance at the bottom of the corroding (pitting) area, Rp. 
is the resistance of the solution in the pit, and R, is the solution resistance 
between the reference electrode and magnesium specimen. Therefore, the 


© Woodhead Publishing Limited, 2011 


436 Corrosion of magnesium alloys 


Cy 
| | : Ethylene glycol 


Rg 


ie Pitting damage 


11.5 Pitting model of magnesium in an ethylene glycol solution and 
the corresponding equivalent circuit. 


overall polarisation resistance R, can be expressed as: Ry = Ry. + Rp. Because 
of the high solution resistivity, the ratio of Rp, over R, is very high (R,, >> 
Ry), and thus R, = Ry. 

The localized corrosion damage implies that the pitting corrosion rate is 
limited by the solution resistance in the pit, and thus the solution resistivity 
can significantly affect the corrosion resistance or polarization resistance of 
magnesium in the ethylene glycol solution. The inference has been supported 
by a measured linear relationship between polarization resistance and 
solution resistivity [27]; as the solution resistance increases with increase in 
concentration of ethylene glycol, the polarization resistance also increases. 
This explains the decreasing corrosion rate of magnesium with increasing 
concentration of ethylene glycol (Fig. 11.2). 

In a contaminated ethylene glycol solution, the solution resistance 
decreases with increasing concentration of each contaminant NaCl, Na,SO4 
or NaHCO;. The decreased polarization resistance of magnesium can be 
attributed to the increased total content of ions in the solution. When the 
contents of the contaminants are low, the conductivity of the solution is 
proportional to the concentrations of the electrolytes. The decrease in solution 
resistance is particularly evident with increasing concentration of NaCl. This 
explains the most detrimental effect of NaCl on the corrosion performance 
of magnesium in the contaminated ethylene glycol solution. The decrease in 
solution resistance caused by contaminants can also account for the slightly 
increased corrosion rate of magnesium in ethylene glycol by addition of 
Mg(OH), and Mg(NO3), (Fig. 11.3). 
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Apart from the solution resistance, the most fundamental explanation for 
the corrosion behaviour of magnesium in ethylene glycol may come from 
the magnesium/ethylene glycol interface. Like most other organics, ethylene 
glycol can be adsorbed onto an electrode surface. The capacitance Cy is 
a good indication of the adsorption of ethylene glycol on the magnesium 
surface. It has been measured [27] that the capacitance decreases as ethylene 
glycol concentration increases. A decreasing interface capacitance can be 
caused by high dielectric water at the interface being replaced by larger long 
dielectric molecules. The ethylene glycol molecule is larger and less polar 
than water. Its adsorption on the surface of magnesium can certainly result 
in a lower Cy. When the concentration of ethylene glycol increases, more 
ethylene glycol will be adsorbed on the surface, leading to a lower Cy. In 
other words, the magnesium surface is more completely covered by ethylene 
glycol molecules in a more concentrated ethylene glycol solution, which 
more effectively protects magnesium from attack by water. This explains 
the decreasing corrosion rate of magnesium with increasing concentration 
of ethylene glycol (Fig. 11.2). 

In a contaminated solution, NaCl, Na»SO4 and NaHCO; are smaller in 
size than ethylene glycol. The increase in capacitance should be due to the 
replacement of ethylene glycol on the magnesium surface by the contaminants. 
SO?" and HCO; could be more strongly (easily) adsorbed on the magnesium 
surface than Cl”. Additional adsorbed ethylene glycol could be replaced 
by Na,SO, or NaHCO; and a higher surface capacitance results from this 
exchange than from NaCl at the same weight/volume concentration of these 
contaminants. Nevertheless, chlorides are well known to be much more 
aggressive than sulphates and carbonates. Only a few adsorbed chloride 
ions can be enough to significantly accelerate the dissolution of magnesium 
at the adsorbed sites. Thus, the corrosion rate of magnesium is higher in 
the chloride-containing ethylene glycol solution than in the ethylene glycol 
solution containing Na,SO, or NaHCO3. 

The stronger adsorption of Na,SO,4 or NaHCO; than chloride implies that, 
if Na,SO4 or NaHCO; ions are added into a chloride-containing ethylene 
glycol solution, the adsorbed Cl” ions on the magnesium surface will be 
replaced by sulphate or carbonate. Since sulphate or carbonate is much 
less corrosive to magnesium than chloride, the replacement of the adsorbed 
chlorides with sulphates or carbonates in effect passivates the active sites 
on the magnesium surface. Hence, the dissolution of magnesium is retarded. 
Therefore, in a chloride-containing solution, Na,SO4 or NaHCO; would have 
a dual role. On one hand, the inhibition effect of Na,SO4 or NaHCO; leads 
to passivation. On the other hand, the addition of Na,SO,4 or NaHCO; into 
a chloride-containing ethylene glycol solution reduces solution resistance, 
resulting in lower corrosion resistance. After most of the adsorbed chloride 
ions on the magnesium surface are repelled, further addition of Na,SO, or 
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NaHCO; could only reduce R, of the solution. Hence, the corrosion rate of 
magnesium decreases first and then increases with further addition of Na,SO, 
or NaHCO3. 


11.5 Magnesium (Mg) alloys in ethylene glycol 
solution 


Magnesium alloys should have a similar corrosion behaviour to that of 
pure magnesium in an ethylene glycol solution. This has been confirmed 
by Fekry and Fatayerji’s systematic study [30], which is briefly described 
as follows. 

Firstly, the corrosivity of ethylene glycol solution to AZ91D also decreases 
as the concentration of ethylene glycol increases (see Fig. 11.6). This can 
again be interpreted by the replacement of water by ethylene glycol molecules 
on the AZ91D surface as the concentration of ethylene glycol increases. This 
interpretation is supported by the increasing value of 1/Cy with ethylene 
glycol concentration where Cy is the total capacitance (Fig. 11.6). 

Secondly, chlorides in the ethylene glycol solution have a detrimental 
effect on the corrosion of AZ91D. When the concentration of chlorides is 
over 0.05 M, an evident corrosion acceleration effect is measured (see Fig. 
11.7). The anodic polarization current density increases dramatically with 
increasing chloride concentration in the solution. 
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11.6 Total resistance (Ry) and relative thickness indicated by 
the measured total capacitance (Cy) for AZ91D alloy at various 
concentrations of ethylene glycol, measured after 2h immersion [30]. 
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11.7 Polarization curves of AZ91D after 2h immersion in 30% 
ethylene glycol solution with chloride additions (1) 0.01M, (2) 0.05M, 
(3) 0.1M, (4) 0.3M and (5) 0.6M [30]. 


11.6 Magnesium (Mg) alloys in commercial coolants 


It has been illustrated above that ethylene glycol is not corrosive to magnesium 
and its alloys. The water and additives reduce the resistivity and activate the 
magnesium surface, resulting in corrosion damage. Unfortunately, commercial 
coolant contains a large number of additives and hence the solution resistance 
is far below that of ethylene glycol. In this case, the corrosion performance 
should not be determined by the solution resistance. Instead, the additives 
will be playing a critical role in corrosion. Therefore, the corrosion behaviour 
of a magnesium alloy in a commercial coolant is not exactly the same as in 
an ethylene glycol solution. 

Although the corrosion of pure magnesium in commercial coolants has 
been reported [9,31], in practice, an engine block cannot be made of pure 
magnesium, and the coolant cannot be pure ethylene glycol solution only. 
Therefore, it is important to understand the corrosion behaviour of magnesium 
alloys in commercial coolants. 


11.6.1 Corrosion performance of AM-SC1 in selected 
coolants 


AM-SC1 is a promising magnesium engine block material which has been 
selected as an engine block material for evaluation in the USCAR programme 
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Table 11.2 Corrosion rates of AM-SC1 in a few ethylene glycol-based commercial 
coolants [data based on ref. 26] 


Coolants General General Galvanic Galvanic 
corrosion at corrosion at corrosion at corrosion at 
25°C 95°C 25°C. 95°C 
(mg/cm?/week) (mg/cm?/week) (uA/cm?) (A/cm?) 

Mobil 33 plus (MBL) 12~13 ~0.5 ~800 ~60 

Castrol (CTL) 8~9 ~0.4 ~30 

Tectaloy green long 8-9 ~0.4 ~30 

life (CTL) 


[32]. It is used here to represent an example of rare earth-containing magnesium 
alloys. Its corrosion behaviour in coolants should be representative of the 
group of creep-resistant magnesium alloys that do not contain aluminium. 
The corrosion rates of AM-SC1 in a few commercial ethylene glycol-based 
coolants are summarised in Table 11.2. The general corrosion rates were 
measured with a magnesium alloy coupon simply immersed into coolants 
for two weeks. The galvanic current was determined between a coupon 
of magnesium and a coupon of a typical aluminium cylinder head alloy 
AlSi9Cu3 immersed in coolant [26]. 

None of these commercial coolants has acceptable corrosivity to AM-SC1 
when the general and galvanic corrosion rates at room and high temperatures 
are considered. This indicates that an engine block made of AM-SC1 alloy 
will suffer from either general or galvanic or combined corrosion attack no 
matter whether the vehicle is running or not when these selected commercial 
coolants are used. 

It is noted that the corrosion rates of AM-SC1 alloy in these commercial 
coolants are much higher than pure magnesium in ethylene glycol solution. 
This can be attributed to the significantly decreased solution resistance. 
For example, the resistivity of the MBL coolant was measured to be in the 
10 Qcm order of magnitude, nearly three orders of magnitude lower than that 
of the pure ethylene glycol. The lower resistivity of commercial coolants is 
due to the large number of additives that are strong conductive electrolytes 
in the coolants. 

The ASTM D1384 test also confirmed that the weight loss rate of AM- 
SC1 in MBL is higher than 0.67 mg/cm7/week, indicating that AM-SC1 will 
not be able to survive in the MBL coolant. 


11.6.2 Corrosivity of long-life coolants 


In aqueous solutions, organic compounds normally have some inhibition effect 
on metals. For example, it has been found [33] that simple sodium linear- 
saturated carboxylates can effectively inhibit the corrosion of a magnesium 
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Table 11.3 Corrosion rates of AM-SC1 in two commercial organic-based long-life 
coolants [data based on ref. 26] 


Coolants General General Galvanic Galvanic 
corrosion at corrosion at corrosion at corrosion at 
25°C 95°C 25°C 95°C 
(mg/cm?/week) (mg/cm?/week) (A/cm?) (uA/cm?) 

Long-life red 1.2~1.7 0.8~1.1 ~1 ~100 

genuine Toyota 

(LLC-F) 

Long-life red 0.12~0.17 0.15~0.25 ~10 ~40 

genuine Ford 

(LLC-T) 


alloy in a corrosive water; the inhibition efficiency increases with immersion 
time and the aliphatic chain length up to C12. The formation of magnesium 
carboxylate on the surface should be responsible for the corrosion inhibition 
effect. It has been reported that [34] some carboxylate ions are effective 
inhibitors for magnesium alloys in ethylene glycol solutions. 

Organic-based long-life coolants contain various carboxylates. It is expected 
that these coolants have a better inhibition effect on magnesium alloys. In 
experiments, it does appear that the organic-based long-life coolants perform 
better for AM-SC1 alloy. Table 11.3 summarizes the corrosion rates of AM- 
SC1 alloy in two commercial organic-based long-life coolants. 

According to Table 11.3, the corrosivity of coolants LLC-T and LLC-F is 
very close to the acceptable threshold. With further modification they could 
meet the corrosivity requirements for the AM-SC1 alloy. 

In addition to AM-SC1, AZ91D may be used to make some parts of a 
magnesium engine, e.g. a water pump housing. Hence, it is important to examine 
whether this metal can survive in a proposed coolant formulation. 

Figure 11.8 displays the general corrosion rates of AZ91D alloy in the 
two most promising coolants at room and high temperatures. The general 
corrosion rates of AZ91D ingot in these two coolants are lower than the 
acceptable threshold of 0.67 mg/cm?/week. 

AM-SC1, ingot AZ91D and diecast AZ91D were also tested according 
to ASTM D1384 in the commercial coolants (see Table 11.4). These results 
show the corrosion rates of AM-SC1, ingot AZ91D and diecast AZ91D are all 
acceptable in LLC-T, while the corrosion rate of AM-SC1 is not acceptable 
in MBL. 


11.6.3 Other alloy—coolant systems 


A few magnesium alloy—coolant systems have been tested under the USCAR 
programme and it is found that systems behave quite differently from one 
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11.8 General corrosion rates of AZ91D in LLC-F (a) and LCC-T (b) 
coolants at room temperature and 95°C (based on Song and StJohn 
[26]). 


another [32]. Recently, AZ91D and magnesium engine block alloys AM-SC1 
and NZK have been investigated in a few different commercial coolants, 
such as Total, Castrol are Caltex. It was found that the NZK alloy has a 
similar corrosion behaviour to AM-SC1 alloy in these coolants, but AZ91 
behaves differently. This is understandable as AZ91 contains a significantly 
large amount of aluminium while NZK and AM-SC1 both contain rare 
earth elements as critical alloying elements and do not contain aluminium. 
The corrosion performance of these alloys also varies in different coolants. 
The organic carboxylate-based long-life coolant (Total) shows a relatively 
better inhibition effect than Castrol and Caltex in terms of general corrosion 
during the simple immersion test. However, the ASTM D1384 test indicates 
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Table 11.4 ASTM D 1384 testing results for alloys AM-SC1, ingot AZ91D and 
diecast AZ91D immersed in coolants MBL and LLC-T [26] 


# Coolant Magnesium alloy Weight loss rate 
(mg/cm?/week) 

1 MBL AM-SC1 3.767 

2 MBL Ingot AZ91D 0.129 

3 LLC-T AM-SC1 0.845 

4 LLC-T Ingot AZ91D 0.277 

5 LLC-T Diecast AZ91D 0.565 


that the Total coolant is actually not so good. The galvanic effect could be 
responsible for the worse corrosion performance of Total coolant during the 
ASTM D1384 test. Desorption of organic inhibitors from the magnesium 
alloy surfaces may occur because of the strong anodic polarization due to 
the galvanic effect between the magnesium alloys and other metals in the 
standard test. 


11.6.4 Alloy effect 


Different magnesium alloys exhibit different corrosion behaviours. 
Generally, AZ91D, particularly diecast, is more resistant to corrosion by 
coolants than AM-SC1 [26]. Magnesium alloys can normally be classified 
into two groups. The first group of alloys has aluminium as a primary 
alloying element and the alloys in the second group usually contain rare 
earth elements and zinc as well as zirconium as a grain refiner (and do not 
contain aluminium). These two groups of alloys have been demonstrated to 
behave differently in a salt solution [35]. AZ91D is a typical aluminium- 
containing alloy of the first group, and AM-SC1 and NZK belong to the 
second group. Thus, it is unlikely that their corrosion performance would 
be the same in a coolant. The higher corrosion resistance of AZ91D in the 
coolants could be due to its aluminium content. These commercial coolants 
were originally designed for aluminium and cast iron. They should be 
non-corrosive to aluminium alloys, and could also have a certain degree 
of inhibition effect on an aluminium-containing alloy such as AZ91D. The 
corrosion of magnesium might not have been seriously considered in the 
design of coolant formulations. Thus, it is not surprising that they do not 
show a strong inhibition effect on NZK and AM-SC1. 


11.6.5 Influence of temperature 


The response of magnesium alloys to temperature in terms of corrosion 
behaviour may also be different from the traditional engine materials. For 
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example, MBL is more corrosive to AM-SC1 at room temperature than at 
the high temperature of 95°C. The average general corrosion rate of AM- 
SC1 immersed in MBL decreases as temperature increased [26]. When the 
temperature is lower than 85°C, the general corrosion rate is unacceptable. 
The corrosion rate of AM-SC1 at a higher temperature increases dramatically 
at the very beginning and then quickly slows down with time. However, 
at room temperature, the corroded amount of AM-SC1 slowly increased, 
and the increasing trend continues for a couple of hours until it achieves 
a certain stable high level. These results suggest that AM-SC1 becomes 
passive with time, and at a higher temperature the ‘passivating’ process is 
much faster. This could be due to the formation of a certain type of film on 
the surface and the film formation process is faster at higher temperatures. 
X-ray photoelectron spectroscopy (XPS) analysis of the specimen after 
immersion in the MBL coolant reveals that the corrosion products on the 
magnesium surface are mainly magnesium silicates. Silicate is one of the 
important inhibitors in the MBL coolant. 

In organic acid-based long-life coolants, such as LLC-T and LLC-F, the 
influence of temperature on corrosion is different. A higher temperature 
appears to increase the general and galvanic corrosivity of the coolant to 
AM-SC1. The different temperature-dependent corrosivities of the organic 
acid-based long-life coolants and the traditional coolants could result from 
their different corrosion inhibition mechanisms of the inhibitors in the 
coolants. It seems that the inhibition effect of the organic acid in the long- 
life coolants becomes less significant at an elevated temperature. 


11.7. Corrosion inhibition 


Theoretically, most inhibitors only selectively inhibit the corrosion of certain 
metals. Coolants developed for aluminium and cast iron may not always 
be suitable for magnesium alloys. Nevertheless, the possibility cannot be 
excluded that some inhibitors used in particular commercial coolants for 
aluminium and iron-based alloys may fortuitously also have some inhibition 
effect on magnesium. 


11.7.1 Strategy for the development of suitable coolants 
for magnesium alloys 


Since protection of magnesium alloys has not been considered in developing 
these commercial coolants before, some companies have started developing 
new coolants with new inhibitors particularly for magnesium alloys [36]. 
To develop new coolants and inhibitors for magnesium alloys, a normal 
approach [36,37] is by starting with screening possible inhibitors in ethylene 
glycol. This approach will lead to numerous standard tests for various coolant 
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properties and performance, from an initial ethylene glycol and inhibitor 
recipe to a final coolant product. 

Another short-term approach is directly searching for a suitable commercial 
coolant and an inhibitor for magnesium alloys through assessing the corrosion 
performance of magnesium alloys in the existing commercial coolants. The 
reason is that all the commercial coolants have passed various performance 
and property tests, including their corrosivity to all the traditional engine 
materials, such as aluminium alloys, cast iron, copper, brass and solder. 
These performance and property requirements, including corrosivity to the 
traditional materials, are also critical to a new coolant for magnesium engine 
blocks, as some of these traditional materials will be used in the construction 
of magnesium engines. Therefore, as long as a coolant selected from those 
existing commercial brands is measured to be non-corrosive to magnesium 
alloys, it is likely to meet the other essential requirements of a normal engine 
coolant, and does not need to be tested again for those essential performance 
and properties. In selection of inhibitors for magnesium alloys, only those 
inhibitors that are effective for magnesium alloys should be considered, as 
there are already inhibitors in commercial coolants for the other engine block 
materials. 


11.7.2 Inhibitors in coolants for magnesium alloys 


Organic inhibitors used in coolants include non-silicate antifreeze formulations 
containing alkali metal salts of benzoic acid, dicarboxylic acid and nitrate, 
alkali metal aromatic trazoles, aliphatic monobasic acids or salts, hydrocarbyl 
dibasic acids or salts and hydrocarbony] triazole, hydrocarbyl! dibasic acids 
or salts, hydrocarbyl azoles, specific hydrocarbyl! alkali metal sulphonates, 
cyclohexane acid, sebacic acid and tolytriazole, cyclohexane hexacarboxylic 
acid, etc. Some organic compounds have been found to have an inhibition effect 
on magnesium alloys in an ethylene glycol solution. For example, aliphatic 
mono- or di-basic acids or aromatic carboxylate acids, or the alkali metal, 
ammonium or amine salts can provide corrosion protection to magnesium 
when combined with a fluoride or a fluorocarboxylic acid or a salt [36]. It 
is important that these organic compounds also offer corrosion protection 
to aluminium, iron, copper and solder that are normally used in a cooling 
system. It has also been claimed [36] that a combination of the above acids 
or salts with fluoro compounds can provide synergistic corrosion protection 
for magnesium, and an optional addition of a hydrocarbyl triazole and/or 
a thiazole to these combinations further improves the inhibition effect on 
copper and aluminium. The presence of fluoride and/or fluorocarboxylate can 
significantly improve the high-temperature magnesium corrosion inhibition 
efficiency. 

Slavcheva and Schmitt [38] evaluated the corrosion inhibition effect of two 
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groups of organic inhibitors on AZ91D in 50 vol.% ethylene glycol solution 
at 80°C. The first group includes derivatives of lactobionic acid: lactobiono- 
tallowamide (LBTA), lactobiono-oleylamid (LNOA), lactobionao-cocosamid 
(LBCA) and potassium lactobionate (KLB). The second group is six-ring 
organic compounds containing N-heteroatom: o-(prridil)-1,3-indan-dione 
(Q-PP), y-(pyridil)-1,3-indan-dione (y-PP) and 8-hydroxyquinoline (HQ). 
Their test results show that the first group of inhibitors is more effective 
than the second group. Based on this, they further investigated the inhibition 
efficiency of LBTA in an ethylene glycol solution containing chlorides 
[39], and confirmed that the efficiency could reach 77% at a relatively 
low concentration of 0.2 g/L. The inhibition mechanism was identified as 
mixed type, hindering both the cathodic and the anodic partial reactions. 
An interesting finding is that paracetamol at a certain concentration has also 
been shown to significantly inhibit the corrosion of AZ91D in an ethylene 
glycol solution [30]. 


11.7.3 Inhibitive effect of KF in ethylene glycol solutions 


It is well known that magnesium can react with F ions and form an MgF, 
film which is relatively insoluble [40]. The film can also inhibit the corrosion 
of magnesium in an ethylene glycol solution [27]. Figure 11.9 displays a 
clear decrease in the corrosion rate of magnesium in 33 vol.% ethylene 
glycol solution resulting from the addition of KF. The inhibition effect of 
KF is further confirmed by reduced corrosivity of an ethylene glycol solution 
made from the aggressive water after addition of 1 wt% KF. This signifies 
the practical effectiveness of KF as an inhibitor for magnesium in aqueous 
ethylene glycol. 


100 1000 100000 


10000 
Concentration of KF (mg/L) in 33 vol.% ethylene glycol 


11.9 Corrosion rates of magnesium in 33 vol.% basic ethylene glycol 
solution with various additions of KF for 14 days [27]. 
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The formation of the fluoride film on magnesium can be confirmed by XPS 
analysis. About 5~9 at.% fluorine can be detected on the specimen surface 
after immersion in an ethylene glycol solution with | wt% KF addition. Such 
a strong XPS signal can only come from a phase layer rather than adsorbed 
ions. The result strongly suggests that a fluoride-containing film formed on 
the magnesium surface and it should be a three-dimensional film with an 
appreciable thickness. 

EIS measurements further show that the addition of KF into ethylene 
glycol leads to a strikingly enhanced R, but decreased Cy. The reduced Cy 
and improved Rk, can be associated with the formation of a three-dimensional 
film on the magnesium surface. Polarization curve measurements also confirm 
that the phase film formed on the magnesium surface is responsible for 
the reduced corrosion rate of magnesium. After addition of KF, the anodic 
polarization current is significantly reduced to a very low value and a low 
‘current-plateau’ is seen where the anodic current is almost independent of 
the polarization potential. 

The inhibition effect of fluorides has also recently been observed on AZ91 
in an ethylene glycol solution [30]. However, the effect is not as evident as 
on pure magnesium. This could be due to the content of aluminium in the 
alloy. Fluorides cannot inhibit the dissolution of aluminium. 


11.7.4 Inhibition by KF in commercial coolants 


The inhibition mechanism of fluorides described above also operates on 
magnesium alloys in commercial coolants. For example, the inhibition 
effect of KF on the general corrosion of AM-SC1 in MBL coolant at room 
temperature is illustrated in Fig. 11.10. The general corrosion rate of AM-SC1 
decreases as the concentration of KF increases. When the concentration of KF 
is greater than 1 wt%, the corrosion rate becomes lower than the corrosion 
rate threshold of 0.67 mg/cm7/week [26]. However, for galvanic corrosion 
at high temperature, KF does not work very well in the MBL coolant. 

Similar general and galvanic corrosion tests were carried out for some 
other coolants with KF as an inhibitor. The results are summarized in Table 
11.5. A comparison of Table 11.5 with Tables 11.2 and 11.3 leads to a 
conclusion that KF has an inhibition effect in all of these coolants. LLC-F 
+ 1 wt% KF has acceptable corrosivity to AM-SC1 alloy and LLC-T + 1 
wt% KF is also close to the acceptable level. 

The likely mechanism of the inhibitive effect of KF on AM-SC1 is 
similar to that for pure magnesium and AZ91D in a fluoride-containing 
ethylene glycol solution, i.e. fluorides react with magnesium in the matrix 
of AM-SC1 alloy, forming a low-solubility magnesium fluoride product 
which deposits on the alloy surface and prevents further corrosion attack 
to the alloy. 
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11.10 Dependence of the general corrosion rate of AM-SC1 on 
the concentration of KF in MBL coolant for two weeks at room 
temperature (based on Song and StJohn [26)). 


Table 11.5 Corrosion performance of AM-SC1 in various coolants with 1 wt% KF as 
inhibitor [26] 


1wt% KF General General Galvanic Galvanic 

in coolants corrosion at corrosion at corrosion at corrosion at 
25°C 95°C 25°C 95°C 
(mg/cm?/week) (mg/cm?/week) — (uA/cm?) (A/cm?) 

MBL ~0.5 ~0.5 2~3 ~20 

CTL 0.08~0.19 0.18~1 ~25 

LLG ~0.16 ~1.9 ~30 

LLC-F 0.14~0.17 0.07~0.1 ~1 ~4 

LLC-T 0.06~0.11 0.06~0.09 ~5 ~18 


The galvanic corrosion rates of AZ91D in these coolants are slightly 
higher than the acceptable threshold at 95°C. The addition of 1 wt% KF at 
this temperature reduces the galvanic current very close to 8.8 4A/cm? in 
LLC-T, but in LLC-F it is still much higher than the threshold. Therefore, 
LLC-T appears to be slightly better than LLC-F. 

To evaluate whether KF can effectively inhibit the corrosion of a magnesium 
alloy in a more realistic cooling system at a high temperature, KF is added, 
at various concentrations, to coolant LLC-T [41] using the ASTM D1384 
test. Significant reductions in the corrosion rate are found with an addition 
of 0.2 wt%, 0.5 wt% and beyond. The dramatic effect of KF additions on 
the corrosion of AM-SC1 in LLC-T is highlighted in Fig. 11.11. 

The ASTM D1384 test has been conducted for AM-SC1, ingot AZ91D 
and diecast AZ91D in the other coolants with 1 wt% KF addition. The results 
are listed in Table 11.6. 


© Woodhead Publishing Limited, 2011 


Corrosion of magnesium (Mg) alloys in engine coolants 449 


° 


° 


° 


° 


2° 


° 


Weight loss rate (mg/cm?/week) 


0 r r : 
0 0.5 1 1.5 2 2.5 
KF addition (wt%) 


11.11 The effect of KF additions to LLC-T on the corrosion rate of 
AM-SC1 under ASTM D1384 test [41]. 


Table 11.6 ASTM D 1384 testing results for AM-SC1, ingot AZ91D and diecast 
AZ91D immersed in LLC-T coolant with a range of KF contents [26] 


# Coolant + KF Magnesium alloy Weight loss rate 


(mg/cm?/week) 
1 LLC-T+0.2 wt% KF AM-SC1 0.525 
2 LLC-T+0.5 wt% KF AM-SC1 0.157 
3 LLC-T+1 wt% KF AM-SC1 0.131 
4 LLC-T+2 wt% KF AM-SC1 0.078 
5 LLC-T+0.2 wt% KF Ingot AZ91D 0.798 
6 LLC-T+0.5 wt% KF Ingot AZ91D -0.046* 
7 LLC-T+1 wt% KF Ingot AZ91D -0.091* 
8 LLC-T+0.5 wt% KF Diecast AZ91D 0.151 
9 LLC-T+1 wt% KF Diecast AZ91D 0.139 


*The weight gains (#6 and 7) could be experimental errors caused by some 
reaction products deposited from the corrosion product removal solution or a 
passive film/layer formed in the coolants. 


The corrosion rates of AM-SC1, ingot AZ91D and diecast AZ91D are 
all acceptable in LLC-T with 1 wt% KF as an inhibitor. The other metals 
such as copper, brass, cast iron, solder and aluminium alloys, have all been 
measured to have very low corrosion rates in these coolants, which means 
that the addition of KF does not affect the corrosion rates of these metals. 
Figure 11.12 shows the surfaces of the ASTN D1384 tested coupons in 
LLC-T + 1 wt% KF. It is clearly shown that all the plates are nearly intact 
after the corrosion test. The significance of these findings is that LLC-T may 
be a suitable coolant for magnesium engine blocks, and KF can be added to 
further reduce the corrosivity of the coolant. 
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11.12 Corrosion morphologies of metals after ASTM D1384 testing in 
LLC-T + 1 wt% KF [26]. 


The above results indicate that an organic acid-based coolant might be 
more suitable for magnesium alloys. The difference in inhibition mechanism 
between a traditional coolant (e.g. MBL) and an organic acid-based long- 
life coolant (e.g. LLC-T and LLC-F) should be responsible for the different 
degrees of the inhibition effect of KF observed in these two groups of 
coolants. As MgF, has a much lower solubility than other magnesium salts 
resulting from the reactions between magnesium with the inhibitors in the 
traditional coolants, fluoride may preferentially form a protective MgF, film 
replacing other relatively soluble salt films (e.g. magnesium silicate) on the 
magnesium surface. Hence, the corrosion rate of AM-SC1 in MBL is likely 
to be significantly reduced by the addition of KF. A high temperature is 
favourable to the formation and deposition of some inorganic magnesium 
films due to the change of solubility of the salts with temperature. Therefore, 
a better inhibitive effect may be achieved at a higher temperature due to an 
inorganic magnesium salt film formed on the magnesium surface in addition 
to the MgF,. In contrast, in an organic acid-based long-life coolant, it is 
likely that a good adsorptive carboxylate film might have already formed 
on the magnesium surface, which prevents the reaction of fluorides with 
magnesium. Therefore, the inhibitive effect on AM-SC1 by KF in LLC-T 
or LLC-F is less significant. At a higher temperature the organic additives 
desorbed from the magnesium surface, if no other magnesium salt deposition 
occurs, the inhibition efficiency should become lower. 


11.8 Health and environmental concerns 


Ethylene glycol is moderately toxic. On ingestion, ethylene glycol is oxidized 
to glycolic acid which is, in turn, oxidized to oxalic acid which is toxic. It 
is critically important that additives do not significantly increase the toxicity 
or make the coolant hazardous to the environment. This to a great extent 
limits the selection of inhibitors. 
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In the case of KF, although fluorides are present throughout the environment 
at low levels and are not harmful (in fact, small amounts of sodium fluoride 
can help prevent tooth decay) high levels of fluoride or hydrogen fluoride 
gas are hazardous to health [34]. Concentrated hydrogen fluoride is very 
corrosive and would badly burn exposed plants, birds or land animals. 

In a coolant system, the health and environmental hazards of fluoride are 
relatively low. This is because of the following: 


e The cooling system is a closed cyclic device and coolant will not be 
released into the environment under normal operating conditions. The 
chance of humans being directly exposed to the fluoride in a coolant is 
extremely low. 

e Current commercial coolants need to be recycled and are not allowed 
to be disposed into the environment directly after use. Thus the fluoride 
will also be recycled together with the coolants. 

e Even though fluoride has slightly higher health and environmental hazard 
ratings than ethylene glycol, its concentration in a coolant as an inhibitor 
is much lower than the concentration of ethylene glycol in the coolant. 
Thus the hazard due to the fluoride may not necessarily be higher than 
ethylene glycol in this case. 

e Most coolants are slightly alkaline, thus it is unlikely that a significant 
amount of hydrogen fluoride will be generated from KF in these solutions. 
Therefore, the formation of hydrogen fluoride in coolants should not be 
a significant hazard. 


Therefore, if KF is added to coolants to prevent the corrosion of magnesium 
alloys, the health and environmental issues may not be a major concern. 


11.9 Summary 


This chapter presents the results and knowledge generated from research 
undertaken to date on the susceptibility of magnesium alloys to corrosion 
when in contact with engine coolants. A commercial solution that satisfies all 
the property requirements for a coolant designed for magnesium alloys for 
engine block applications has not been conclusively developed or successfully 
applied commercially. However, our understanding has progressed so that 
pathways for the development of such a coolant have been identified. It is 
apparent that KF is an effective inhibitor in ethylene glycol solution and in 
some commercial coolants. Further work needs to be undertaken to show in 
which commercial coolant the best inhibition effect can be achieved without 
any side effects on other materials. It is also clear that much additional 
research is required to identify and develop more effective inhibitors before 
a reliable cost-effective commercial coolant is developed. 
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Numerical modelling of galvanic corrosion 
of magnesium (Mg) alloys 


A. ATRENS and Z. SHI, The University of Queensland, 
Australia and G.-L. SONG, General Motors Corporation, USA 


Abstract: This chapter reviews numerical modelling of magnesium (Mg) 
galvanic corrosion, in particular, the prediction of the galvanic current 
density distribution of a typical Mg alloy such as AZ91 in contact with 
steel in a typical corrosive solution such as 5% NaCl. The galvanic current 
density distribution predicted by boundary elemental modelling was in 
good agreement with experimental measurements. The galvanic current 
density distribution caused by the interaction of two independent galvanic 
couples was equal to the sum of the galvanic current density caused by 
each individual galvanic couple. However, experimental measurements 
indicate that the measured corrosion rate was significantly higher than the 
galvanic corrosion rate, and this was interpreted as self-corrosion of Mg, 
corresponding to a penetration rate of ~230 mm/yr. However, does the 
necessity to postulate self-corrosion indicate some fundamental flaw in the 
methodology? Issues and future research directions are discussed. 


Key words: magnesium alloys, galvanic corrosion, boundary element 
method. 


12.1 Introduction 


Galvanic corrosion is a major concern in industrial design and material selection 
[1-4] for magnesium (Mg) because Mg is the most active structural metal 
and because of the increased Mg usage in the auto and aerospace industries 
[5,6]. The geometry determines the galvanic current. Geometric factors include 
the anode/cathode area ratio, insulation distance (s) between the anode and 
cathode, electrolyte film depth (d) and the shape of the anode and cathode 
[3,7]. Mechanical components can take various forms. Insulation spacers 
can be used between components made from different metals. The thickness 
of these spacers can be varied to alter the insulation distance between the 
anode and cathode. Additionally, the solution film depth can be different. 
Furthermore, there can be more than one galvanic couple such as many steel 
fasteners for one magnesium part, and there can be an interaction of the 
current caused by each galvanic couple. Waber [8] studied the influence of 
galvanic cell size theoretically, but had no experimental validation. Song et 
al. [4] developed a galvanic corrosion assembly (GCA) to study the influence 
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of cathode material, distance between anode and cathode and anode/cathode 
area ratio. This study identified important effects such as ‘alkalization’, 
‘passivation’, ‘poisoning’ and ‘short-cut’ as well as the effectiveness of an 
insulating spacer in reducing galvanic corrosion. This laid a foundation for 
studies on Mg galvanic corrosion. 

Numerical methods are promising for studying galvanic corrosion [4,9-14], 
and in particular, for predicting the galvanic current density distribution. 
BEASY, a boundary element method (BEM) program, has become widely used 
to study galvanic corrosion [15]. Qualitative simulation of galvanic corrosion 
would facilitate efficient design of structural components incorporating 
galvanic corrosion. Total galvanic corrosion is considered to comprise two 
components: (1) galvanic corrosion and (2) self-corrosion. Galvanic corrosion 
is that part of the corrosion, directly caused by the coupling of the Mg to a 
steel fastener. The self-corrosion is defined as the extra corrosion. Both the 
galvanic corrosion and the self-corrosion may take the form of more or less 
general corrosion, or the form of localized corrosion. 

This chapter reviews numerical modelling of Mg galvanic corrosion based 
on work by Jia et al. [16-20], in particular, the prediction of the galvanic 
current density distribution of a typical Mg alloy like AZ91 in contact with 
steel in a typical corrosive solution such as 5% NaCl. Figure 12.1 presents an 
idealized one-dimension (1D) galvanic couple. Section 12.2 describes the BEM 
model. Section 12.3 deals with idealized 1D galvanic corrosion and describes 
the BEM model calculations compared with experimental measurements 
using a modified GCA based on Song et al. [4] (Fig. 12.2), which captures 
the galvanic current densities over the limited testing surface area. Section 
12.4 describes the interaction of two idealized galvanic couples, for example 
the situations where there are a number of fasteners, such as when there 
are a number of steel bolts for an Mg component. The galvanic interaction 


Solution 


12.1 Schematic of idealized one dimension galvanic couple [16]. 
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12.2 Section through multi-electrode Mg-steel galvanic corrosion 
assembly (GCA) [17]. 


assembly (GIA), shown schematically in section in Fig. 12.3 provides an 
experimental approach to measure the current density distribution. Section 
12.5 describes modelling a practical component of an AZ91D sheet coupled 
to a steel fastener. The total corrosion rate was modelled and measured as a 
function of distance from the Mg-steel interface. Issues and future research 
directions are discussed in Sections 12.6 and 12.8. 


12.2. Boundary element method (BEM) model 


Adey and Niku [21] indicated that for a uniform, isotropic electrolyte domain 
Q, as illustrated in Fig. 12.4, in steady state, the potential obeys the Laplace 
equation: 


> o=0 121 

The Laplace equation is solved using the boundary conditions: 
@=¢%) on TIT, 12.2 
IT=Ig on Ty 12.3 
I,=-f,(@) on V3, 12.4 
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12.3 Section through galvanic interaction assembly (GIA) [17]. 
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12.4 Basic equations and boundary conditions for the BEM model 
[19]. 
Ts = — fo) on 13, 12.5 


where [ (= T, + I, + 13, + 13.) is the surface of the electrolyte Q, J is the 
current density across the boundary, ¢ is the potential, @g and Jp are constants, 
and f,(@) and f.(@) are non-linear functions for the anode and cathode electrode 
kinetics. In the present case, there is no region of applied potential I), and 
I =0 for all regions other than the AZ91D and steel electrodes in Figs 12.2 
and 12.3. The boundary integral equations for all elements are assembled 
into a system of linear simultaneous equations, which is expressed in a 
matrix form as follows [21]: 
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Ho = GI 12.6 


where H and G are problem influence matrices, and @ and / are potential 
and current density vectors. Partitioning ¢ and / into the nodes, which form 
the anode and the cathode regions, and applying the boundary condition 
(equations (12.4) and (12.5)), gives [21]: 


Maa Mac | a |S Baa Sac | faba) 


= 12.7 
€ Nea Nec iF De € &ca See | (00 | 


Nine Ng \ Baa Sac ; 
where | and | are elements of the problem influence 


eitca Mec c §ca Sec 
Oe |S a) | 
matrices, and | and : describe the anode and cathode electrode 
eM |g felde) 


kinetics. Equation (12.7) is solved by the Newton—Raphson iterative 
method. 

Jia et al. [16-20] used BEASY to model the AZ91D-steel galvanic 
couples illustrated in Figs 12.2 and 12.3. A gradient of increasingly fine 
mesh size was used towards the AZ91D-steel interface where there was a 
sharp potential gradient. Otherwise, the mesh size of electrolyte elements 
was evenly divided to reduce the element number. Figure 12.5 is a schematic 


12.5 Schematic of the mesh for the BEM model for a steel fastener 
modelled as a steel inset (diameter = 30mm) in a horizontal AZ91D 
sheet covered with an electrolyte of uniform depth [20]. 
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of the BEASY mesh for a steel insert in an Mg sheet. The input parameters 
for the BEASY BEM model were the physical geometry, the electrolyte 

L Lf’ 
conductivity and the boundary conditions: : ap and | a) 

€ 0 | € fe (9) 
is the anode open circuit potential; ¢.9 is the cathode open circuit potential; 
fi (@) is the function for the anode polarization curve; similarly f/(@) is 
the cathode polarization curve (Fig. 12.6). Functions f,(@) and f/(@) were 
defined in a piecewise linear manner using the values in Table 12.1, based 
on Fig. 12.6. The polarization curve was divided into small segments, with 
each segment approximated by a linear relationship between the potential 
and current: 


T= f (9) = k@—- ,) + In 12.8 


where k, ¢,, /, and were constants for each line segment. 


| where @.0 


12.3. One-dimensional (1D) galvanic corrosion 
12.3.1 Experimental measurement 


The GCA is shown schematically in section in Fig. 12.2. The top surface 
of the GCA models a galvanic couple of AZ91D-steel exposed to the 5% 
NaCl solution. The AZ91D is on the left-hand side and the steel is on the 
right-hand side. Electrical connections through the bottom of the GCA 
allow measurement of the galvanic current density distribution. AZ91D and 
mild steel were the materials. AZ91D is the most widely used Mg alloy. 
AZ91D contains ~9% Al and ~1% Zn. Mild steel is the most widely used 
metal in industry. A typical severe environment was provided by the 5% 
NaCl solution. 

Metal plates (of AZ91D and steel) were moulded in epoxy as shown in 
Fig. 12.2, with the cross-sectional area of the top of each plate exposed to 
the solution. Moulding of the plates into the GCA was such that there was 
no electrical contact between each plate through the epoxy (which is a good 
insulator). Electrical contact was made to each plate via a lead through 
the bottom of the GCA through the epoxy. The GCA was equivalent to a 
galvanic couple of AZ91D coupled to steel when the top surface of the GCA 
was exposed to a solution and electrical contact was made between all the 
plates as shown in Fig. 12.2. Moreover, the current in each plate could be 
individually measured by the use of a zero resistance ammeter (ZRA) in 
the electrical circuit as shown in Fig. 12.2 (and the current density for each 
plate could be calculated by dividing the measured current by the area of 
the plate exposed to the solution). This allowed measurement of the current 
density distribution across the AZ91-steel galvanic couple. 
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12.6 (a) Galvanostatic measurement of potential vs. time for 
AZ91D in 5% NaCl solution at room temperature. The potential of 
AZ91D rapidly reached steady state values [19]. (b) Galvanostatic 
polarization curve measurements in 5% NaCl, data points (from 
measurements such as those shown in (a)) compared with curves 


representing typical potentiodynamic polarization curves, at a scan 
rate of 2mV/s [19]. 
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Table 12.7 Boundary conditions in 5% NaCl solution used for BEM calculations, 
related to the data of Fig. 12.6 


Current density Potential (V) Potential (V) Potential (V) 


(mA/cm?) BEM 1 BEM 2 BEM 3 
Steel 

0.000 -0.771 -695 -0.741 
0.100 -0.906 -0.863 -0.896 
0.290 -1.003 -1.021 -1.018 
1.100 -1.165 -1.202 1.194 
3.860 -1.298 -1.296 -1.305 
17.700 -1.307 -1.413 -1.386 
25.400 -1.418 -1.403 1.417 
AZ91D 

0.000 -1.480 -1.600 -1.506 
-3.058 -1.430 -1.550 -1.492 
-84.880 -1.431 -1.431 -1.431 
-172.500 -1.310 -1.290 -1,325 
-230.100 -1.420 -1.170 -1.183 


A zero insulating distance between adjacent plates would be preferable, 
but an insulation distance of 0.5mm was the smallest distance found to be 
practical. The dimension of the assembly into the plane of the figure was 
large compared with the thickness of each plate, so that the assembly is close 
to an ideal 1D galvanic couple of AZ91D in contact with steel. 

A 12 channel ZRA allowed 12 simultaneous measurements, and the 
standard configuration was that shown in Fig. 12.2. Twelve plates of identical 
size were used for the galvanic current measurements: six plates of Mg and 
six plates of steel. Each of the metal plates had the following dimensions: 
1.2mm thickness o 35mm width, with 42 mm? surface area exposed to the 
electrolyte. These plates were numbered | to 6 for both the AZ91D plates 
and the steel plates, with the numbers increasing as the plates were further 
from the AZ91D-steel interface. To ensure that plates 5 and 6 were able to 
provide current measurements at a sufficient distance from the AZ91D-steel 
interface, an extra plate of considerable thickness was added between plates 
4 and 5, and also between plates 5 and 6. Moreover, to ensure there were 
no end effects for the AZ91D plate 6, there was an additional AZ91D plate 
moulded after AZ91D plate 6. 

This GCA allowed investigation of various anode/cathode ratios and different 
insulation spacing between the AZ91D and steel by appropriate electrical 
connections of the plates. The GCA with the connections as shown in Fig. 
12.2 allowed measurement of the galvanic current density distribution for an 
‘infinite’ plate of AZ91D coupled to a finite plate of steel as an idealization of 
a large plate of AZ91D adjacent to a small plate of steel. The configuration was 
chosen to maximize the extent of the current density distribution that could be 
measured for the AZ91D side of the couple, that is, the current density in the 
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AZ91D plate 6 should be small compared with the current density in AZ91D 
plate 1. The plates 1 to 6 for AZ91D and steel were arranged in a symmetrical 
pattern with respect to the AZ91D-steel interface. Figure 12.7(a) illustrates 
the measurement of the galvanic current density for AZ91D electrodes in 
5% NaCl; in all cases steady state values were reached in 40-55 minutes. 
The steady state values for the current density distribution were plotted (Fig. 
12.7(b)) in terms of the actual distance (in cm) from AZ9I1D plate 6, so that 
the AZ91D-steel interface was at a distance D = 2cm. 

For these connections, the area ratio of anode/cathode was designated 
as 1:1 as the current density measurement extended for 2cm over AZ91D 
from AZ91D plate 1 to AZ91D plate 6, and likewise the current density 
measurement extended for 2cm over the steel from steel plate 1 to steel plate 
6. A larger area ratio of anode/cathode, designated as 2:1, was produced by 
removing the electrical connections to steel electrode 5, steel electrode 6, 
and the steel electrode between these two. The current density measurement 
extended for 2cm over AZ91D from AZ91D plate 1 to AZ91D plate 6, and 
only for about 1 cm over the steel from steel plate | to steel plate 4. A smaller 
area ratio of anode/cathode, designated as 1:2, was effected by keeping the 
electrical connections to all the steel electrodes as in Fig. 12.2 and removing 
the electrical connections to AZ91D electrode 5, AZ91 electrode 6 and the 
AZ91D electrodes between these two and after AZ91D electrode 6. The 
current density measurement extended for about 1cm over AZ91D from 
AZ91D plate 1 to AZ91D plate 4, and for 2 cm over the steel from steel 
plate 1 to steel plate 6. 

The influence of solution depth was studied using the arrangement as 
shown in Fig. 12.2 (this has a solution depth d = 10mm), and with solution 
depths of d= 1 mm and d= 3mm. 

With the connections shown in Fig. 12.2, the AZ91D-steel galvanic couple 
has an insulating distance s = 0.5 mm. An insulating distance s = 2.2 mm can 
be produced by removing the electrical connection to either AZ91D plate 1 
or steel plate 1 and by covering the plate with epoxy resin. s = 3.9mm can 
be produced by removing the electrical connection to both AZ91D plate 1 
and steel plate 1 and covering these plates with epoxy resin. Similarly, s = 
7.3mm, 10.7 mm ... can be produced by removing extra electrical connections 
and covering these plates with epoxy resin. This approach allows study of the 
influence of insulating distance between the anode and cathode. Inherent in 
this approach is that the area of anode and cathode decreases as the insulating 
distance is increased. 


12.3.2 Effect of area ratio of anode/cathode 


Figure 12.7 illustrates the galvanic current density distribution for the 
AZ91D-steel galvanic couple in 5% NaCl solution. (The galvanic current 
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12.7 (a) Galvanic density at AZ91D electrodes (in the GCA, see 
Fig. 12.2, designated Mg 1 to Mg 6) in 5% NaCl solution [19] (b) 
Comparison of BEM model (curves) and experiment data (data 
points) for an area ratio of A/C of 1:1. d= 10mm. AZ91D is on the 
left-hand side, steel on the right-hand side. 
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density was measured over a timespan of 55 min [16-19], sufficient to ensure 
steady state, and steady state current density values are used throughout 
this chapter.) The current density distributions from the BEM model are 
compared with the experimental measurement for an area ratio of anode/ 
cathode of 1:1 in Fig. 12.7(b). The BEM model used the three boundary 
conditions as given in Table 12.1. These are the three curves designated 
BEM 1, BEM 2 and BEM 3. The results of three independent experimental 
measurements are plotted as the data points and labelled Test 1, Test 2 
and Test 3. There was good agreement between the BEM model and the 
experimental measurements. 

The galvanic current density of the AZ91D electrode increased (as the 
area ratio was increased from 2:1 to 1:2) from 33 to 44 mA/cm? for electrode 
Mg 1 (closest to the AZ91D-steel interface), from 14 to 22 mA/cm? for 
electrode Mg 2, from 11 to 17mA/cm’ for electrode Mg 3 and from 10 to 
14mA/cm’ for electrode Mg 4. The galvanic current density of the AZ91D 
electrodes increased with decreasing anode/cathode area ratio as expected 
both experimentally and theoretically from prior study [4]. As the area ratio 
of anode/cathode increases, there a higher relative cathodic current density 
is available. Since the anode current equals the cathode current, the anode 
current density increases. The influence of anode/cathode area ratio on the 
galvanic current density distribution for AZ91D-steel in 5% NaCl can be 
predicted using the BEM model. 


12.3.3 Influence of solution film depth, d 


The galvanic current density distributions from the BEM model were compared 
with the experimental measurements for solution film depth values of 10, 
3 and 1mm. The BEM models were calculated using the three different 
boundary conditions as presented in Table 12.1. The galvanic current density 
of each electrode increased with increasing solution film depth as expected 
because the increase of the solution film depth resulted in a larger area for 
the current and thus reduced the resistance against current flow. There was 
good agreement both in trend and in current density value between the 
BEM model and experimental measurement. The scatter in the experimental 
measurement of the galvanic current density was comparable to or greater 
than the scatter in the BEM curves. 


12.3.4 Effect of insulation distance, s 


The prior sections have shown that the BEASY BEM program gave 
calculated values in good agreement with the experimental measurements. 
As a consequence, the BEASY BEM program was used to model the GCA 
and to calculate the galvanic current density distribution for the AZ91D-steel 
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galvanic couple in 5% NaCl for insulation distance s = 0.5, 2.2, 3.9, 7.3, 
10.7 and 25 mm. Figure 12.8 presents the calculated galvanic current density 
distribution for each case. The symbol n designates the general curve; n has 
the values 1, 2, 3,4 5 and 6. This approach studied the influence of insulating 
distance between the anode and cathode and obtained the following: (1) 
the current density distributions, presented in Fig. 12.8, (2) the maximum 
galvanic current density for the AZ91D electrode immediately adjacent to 
the steel, (3) the total galvanic current /;(m) and (4) the average galvanic 
current density /,. The total galvanic current was equal to the integration 
of the current density values over the area A(n) of each current density 
distribution. The average galvanic current was equal to /;(n)/A(n). 

The galvanic current density of the AZ91D electrodes decreased as the 
insulating distance increased (Fig. 12.8). Furthermore, the maximum galvanic 
current density for the AZ91D electrode adjacent to the steel decreased 
significantly with increasing insulating distance. Moreover, the total galvanic 
current for AZ91D electrodes also decreased as the insulating distance 
increased. Interpretation of the significance of the total current needs to take 
into account that two variables were changed simultaneously: the area was 
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12.8 Comparison of galvanic current distribution for the following 
distances, d = 0.5mm (curve 1), d = 2.2mm (curve 2), d= 3.9mm 
(curve 3), d= 7.3mm (curve 4), d = 10.7mm (curve 5) and d= 25mm 
(curve 6) [16]. 
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decreased and the insulating distance was increased. The average current 
density decreased with increasing insulating distance. 

In another words, increasing insulating distance leads to less galvanic 
corrosion both locally and on average. The influence of the insulating distance 
on the galvanic current distribution of steel electrodes was the same as that 
for the AZ91D electrodes. This BEM simulation was within expectations. 
It is also consistent with the results and the theoretical predictions of Song 
et al. [4]. Increasing insulating distance increases the length of the circuit, 
thus increases the resistance of the circuit and decreases the galvanic current 
density according to Ohm’s law. 


12.3.5 Solution 


In 5% NaCl solution, the galvanic current was well predicted by the BEM-based 
BEASY program for the AZ91D-steel couple. Five percent NaCl solution is an 
aggressive environment and intense hydrogen evolution stirred up the corrosion 
product. The galvanic corrosion of AZ91 in 5% NaCl solution was unlikely to 
be influenced by the formation of a surface film. The galvanostatic polarization 
curve of AZ91D in 5% NaCl solution rapidly approached steady state, was in 
good agreement with the potentiodynamic polarization curve and was likely 
to be representative of the galvanic corrosion behaviour of the AZ91D. 


12.3.6 Steady state 


Measurements of polarization curves were carried out in a potentiostatic 
manner. For each data point for each curve, a constant current was applied, 
and the potential was measured. Care was taken to ensure that steady state 
had been reached (Fig. 12.6(a)) so that the measured potentiostatic curves 
(Fig. 12.6(b)) represented steady state conditions [16-19]. Similarly, for the 
measurement of galvanic current density using the GCA, care was taken to 
ensure that the galvanic current density measurements represented steady state 
conditions (Fig. 12.7(a)) [16-19]. This meant that it was valid to compare 
the experimentally measured galvanic current density with the predictions 
of the BEM model because both were for steady state conditions, and were 
thus directly comparable. The fact that there was good agreement between 
the experimental measurements and the BEM calculations provides assurance 
that the approach is sound to use the GCA and the GIA to measure galvanic 
current density distributions. 


12.3.7 Influence of experimental error 


The influence of the experimental error in the measurement of each polarization 
curve as input to the BEM model meant that the BEM model gave three 
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different curves, which had slightly different values. Similarly, there was 
experimental scatter in the experimental measurement of the current density 
for each metal plate of the GCA. Figures 12.7(b) and 12.9 indicated that 
the directly measured galvanic current density had an experimental scatter 
larger than the differences in the BEM curves caused by the scatter in the 
measurements of the polarization curves. 


12.3.8 Experimental approach 


Figure 12.7(b) indicates that there was good agreement between the BEM model 
and the experimental measurement of the current density. The experimental 
measurements corresponded to measurements at discrete positions from 
individual metal plates that were separated from each other by an insulation 
material 0.5mm in thickness. In comparison, the BEM model was for a 
continuous electrode with no interruptions due to insulating spacers. The 
agreement between the BEM model and the experimental measurements 
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12.9 Comparison between BEM model (curves) and the experimental 
measurements (data points) of galvanic current without galvanic 
current interaction. Separate calculations were first made for the 
steel-Mg couple, i.e. connecting only the six steel and the six AZ91D 
plates on the left of the galvanic corrosion interaction specimen 
illustrated in Fig. 12.3 to give the curve St_Mg and the data (Test 
1SM and Test 2SM). Subsequently calculations and measurements 
were made for Mg_St by connecting the six AZ91D plates to the six 
steel plates on the right. d = 10mm [17]. 
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indicated that the GCA provides a sound methodology for the measurements 
of galvanic current density distributions, and that the BEM model provided 
good predictions of the galvanic current density distribution. 


12.4 Galvanic interaction 
12.4.1 Experimental 


The GIA [16,17] allowed investigation of the interaction of two (independent) 
galvanic couples. A section through the GIA is shown schematically in Fig. 
12.3. The GIA consisted of a steel-AZ91D-steel arrangement (designated 
as St_Mg_St), with current measurement as for the GCA. The arrangement 
was symmetrical, so the extent of the steel was identical on both sides of 
the central AZ91D. Furthermore, there was flexibility in making electrical 
connections. The concept was that the AZ91D would experience current 
from two identical galvanic couples, namely there was (1) the left-hand 
side galvanic couple St_Mg and (2) the right-hand side galvanic couple 
Mg_St. Furthermore, the left-hand galvanic couple St_Mg was identical 
to the right-hand galvanic couple Mg_St. The GIA allowed measurement 
of the current density distribution for the full interaction situation, namely 
steel-AZ91D-steel, and moreover, allowed independent measurement of the 
two independent galvanic couples: (1) St_Mg and (2) Mg_St. This allowed 
investigation of the kind of interaction that would describe how the current 
density for the case of the two interacting identical galvanic couples was 
combined from the individual galvanic couples. 

The GIA consisted of 12 mild steel plates and 6 AZ91D plates as shown 
in Fig. 12.3. The surface area of each plate exposed to the electrolyte was 
56mm for each steel plate with 1.6mm (thickness) co 35mm (width) and 
42 mm” for each AZ91D plate with 1.2 mm (thickness) 035 mm (width). The 
connections for the measurement of the galvanic current for the GIA could 
be made connecting all the plates as shown Fig. 12.3. This arrangement is 
designated St_Mg_St, and allows the measurement of the interaction of the 
galvanic corrosion from the galvanic couple on the left (i.e. St_Mg) and from 
the galvanic couple on the right side (i.e. Mg_St). The current density was 
plotted against distance from the left-hand steel electrode 1, as shown in Fig. 
12.9. This same convention was used throughout when presenting the current 
density for the GIA regardless of the details of the electrical connections. 
This convention was adopted to facilitate comparison between the plots. 

There are 18 connections for the arrangement with all electrodes connected 
as illustrated in Fig. 12.3; however, the ZRA had only 12 channels, so that 
only 12 currents could be measured simultaneously. The measuring procedure 
adopted was to measure the currents from the 12 electrodes from the left, 
or the 12 electrodes from the right. A total of five tests were carried out. 


© Woodhead Publishing Limited, 2011 


470 Corrosion of magnesium alloys 


In addition to the arrangement with all electrodes connected as illustrated in 
Fig. 12.3, the electrical connections could also be made to separately measure 
the galvanic currents from the left-hand side couple (St_Mg) or alternatively 
separately measure the galvanic currents associated with the right-hand side 
couple (Mg_St). For these measurements, there were no electrical connections 
to the six right-hand side electrodes (RHS steel electrodes | to 6) for the 
St_Mg couple; or alternatively there were no electrical connections for the 
left steel electrodes 1 to 6 for the Mg_St couple. In each case, all currents 
could be measured simultaneously as there were 12 electrodes and also 12 
channels for the ZRA. The data are plotted as shown in Fig. 12.9. 


12.4.2 Linear superposition 


Figure 12.9 presents both (a) the galvanic current density distribution for the 
steel-AZ91D galvanic couple (curve St_Mg) without any galvanic interaction, 
and also (b) the AZ91D-steel galvanic couple (curve Mg_St) without any 
galvanic interaction. There was a good agreement between the BEM model 
and the experimental measurements for both cases (a) and (b). 

Figure 12.10 presents the curve ‘Addition’ as the linear addition of the 
galvanic current density for the AZ91D electrodes calculated for steel— 


40 
BEM calculated 
St Mg St 
30 St_Mg 
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€ Mg_St 
< 
E 20 
= 
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0 1 1 1 i 1 
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12.10 Comparison of the BEM model of non-interacting galvanic 
current (St_Mg and Mg_St) and linear addition of non-interacting 
galvanic current (curve ‘Addition’) [17]. 
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AZ91D couple and AZ91D-steel couple, without galvanic interaction. The 
superimposed galvanic current density for the AZ91D electrodes was in 
good agreement with the BEM model for the steel-AZ91D-steel galvanic 
interaction assembly. 


12.4.3 Theoretical background 


The experimental result of linear superposition is a somewhat surprising 
outcome. The boundary conditions are non-linear as is clear from Fig. 12.6. 
Linear superposition normally operates in a linear system. In a non-linear 
system, a theoretical error of second order of deviation is introduced, although 
this may be a small error. 

Furthermore, linear-superposition is not expected from a theoretical 
treatment of galvanic corrosion by Song [14]; the galvanic current of AZ91D 
in the galvanic system “steel-AZ91D-steel’ cannot be simply expressed 
as the sum of the galvanic current densities of AZ91D in two separate 
galvanic systems ‘steel-AZ91D’ and ‘AZ91D-Steel’. The physical reason 
for non-linear behaviour may lie in the fact that the steel plates on both 
side of AZ91D can interact with each other. This ‘remote’ influence by an 
indirectly connected remote material is not considered in the ‘steel-AZ91D’ 
and *‘AZ91D-steel’ systems. Therefore, when the galvanic current densities 
of two simple couples are added together, the ‘remote effect’ will not be 
involved in the sum of these two current densities. A lack of the ‘remote’ 
effect in the sum of the galvanic current densities could be responsible for 
the inadequacy of the superposition principle in the ‘a—b-c’ system. 

The apparent linear-superposition of the experimental data and BEM model 
predictions is attributed to the fact that the amount of interaction is small, 
so that it is not possible to measure or discern any non-linear effects. 


12.5 Steel fastener 


This section describes the analysis of a practical component modelled [20] 
as an AZ91D sheet coupled to a steel fastener. The total corrosion rate was 
modelled and measured as a function of distance from the Mg-steel interface. 
Figure 12.11 illustrates the physical appearance of the AZ91D plate with a 
30mm steel insert after 48h immersion in 5% NaCl. The AZ91D sample 
exhibited unevenly distributed corrosion due to the galvanic couple with steel. 
Corrosion damage was deeper at the AZ91D-steel interface, and included 
localized corrosion further away from the interface. Corrosion damage to 
AZ91D was concentrated around the steel and was largely confined to within 
~2cm radial distance from the interface. The radial extent of the corrosion was 
similar in all cases. There was some localized corrosion distributed randomly 
on the remaining surface of the AZ91D. However, most of the remaining area 
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12.11 Appearance of the fastener assembly (30mm diameter steel 
cathode) after immersion horizontally in the 5% NaCl solution [20]. 


12.12 Image of corrosion on Mg surface coupled with 10mm 
diameter steel insert [20]. 


was free from corrosion and retained its original appearance. This indicated 
that the effective distance of galvanic corrosion was limited to a distance of 
~ 2cm. Most of the remaining area seemed to be protected as a cathode. A 
similar finding was also reported by Hawke [22], who derived an effective 
insulating space of about 5mm for Mg coupled with cast iron. 
Comparison of the physical appearance of the corrosion, with the area of 
galvanic corrosion as simulated by the BEM model, showed that the computer 
model provided good predictions of the effective galvanic corrosion area for 
each of the three different sizes of steel cathodes in 5% NaCl solution. 
Figure 12.12 illustrates the typical distribution of total corrosion on a 
random section through the Mg sheet. Figure 12.13 provides a comparison 
between the total corrosion rate on the corroded area for each small cross- 
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12.13 Comparison of corrosion current density between the BEM 
model and the experiments for Mg couple with 10mm diameter steel 
insert [20]. 


section, and the galvanic current derived from the BEM model calculation 
for AZ91D coupled with a 10mm diameter steel insert. The total corrosion 
rate for each small cross-section was calculated from the corresponding 
measured corroded area. This total corrosion rate includes galvanic and 
self-corrosion, both of which may be in the form of localized corrosion and 
general corrosion. Analysis of the cross-sectional damage indicated that the 
corrosion of AZ91D included unevenly distributed localized corrosion. The 
maximum corrosion depth occurred close to but not always immediately 
adjacent to the Mg-steel interface. Ault and Meany [23] reported a similar 
finding. The maximum depth occurred within about 1mm away from the 
interface. The depth distribution of the galvanic localized corrosion was quite 
randomly scattered on the surface and there was no obvious relationship 
between the depth and the pit location within a 2cm distance. 

Figure 12.13 illustrates the comparison of the BEM model predicted 
galvanic corrosion and the experimental measurement of the total corrosion 
for AZ91D coupled with a 10mm steel insert. Both the BEM model and the 
experimental measurements indicate maximum corrosion at the Mg-steel 
interface, and both indicated a decrease in corrosion rate with increasing 
distance from the interface. 

The experimental measurements indicate that the measured corrosion 
rate was significantly higher than the galvanic corrosion rate, and this was 
interpreted as self-corrosion of Mg. This self-corrosion was estimated by 
subtracting the galvanic corrosion (as predicted by the BEM model) from 
the total measured corrosion. The value as estimated was ~10 mA/cm/? at the 
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Mg-steel interface and similar values were estimated at a distance of 1 cm 
from the interface. This self-corrosion corresponds to a penetration rate of 
~230 mm/yr. 


12.6 Discussion 
12.6.1. Self-corrosion 


The postulation of self-corrosion in Section 12.5 is perhaps not desirable. 
It is useful to consider whether the postulation of self-corrosion indicates 
some fundamental flaw in the methodology of predicting galvanic corrosion 
as presented in Sections 12.2—12.5. Self-corrosion of Mg was postulated 
[20] to explain the fact that the measured corrosion rate (Fig. 12.13) was 
significantly higher than the BEM model prediction of the galvanic current 
[20]. However, the measured galvanic current (Figs 12.7(b) and 12.9 [16—20]) 
was in good agreement with the galvanic current predicted by the BEM model, 
based on the experimentally measured polarization curves. So perhaps there 
is something strange in the Mg corrosion mechanism, maybe this is another 
manifestation of the negative difference effect (NDE) [1-3]. Alternatively, 
there may be an issue with the measured polarization curves for Mg, which 
cannot correctly represent the self-corrosion of an Mg alloy. 


12.6.2 Uni-positive Mg* ion 


The corrosion rate predicted by electrochemistry is lower than the actual 
rate because of the uni-positive Mg* ion [1—3,24—28]. The corrosion of Mg 
converts metallic Mg to the stable ion Mg™ in two electrochemical steps, 
involving the uni-positive ion Mg* as an intermediate as given by Eqs 
(12.9) and (12.10). The electrochemical reactions are balanced by hydrogen 
evolution, Eq. (12.11). 


Mg @ Mg*+e7 anodic reaction 12.9 
kMg* © kMg** + ke™ anodic reaction 12.10 
(1+HH,O+(1+he S “41 + k)H, + (1 + KOH 

cathodic reaction 12.11 


The uni-positive ion, Mg*, is reactive, and can react chemically with water. 
Thus, a fraction, k, of the uni-positive Mg*, reacts electrochemically via Eq 
(12.10) to Mg**, and the complement reacts chemically via Eq. (12.12): 


(1 —k)Mg* + (1 —k)H,O + (1 - KOH © (1 — k)Mg(OH), 
+ ”’1 —k)H, chemical reaction 12.12 


The overall reaction is given by: 
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Mg + 2H,0 © Mg(OH), + H> overall reaction 12.13 


The corrosion of Mg is thus only partly electrochemical, and electrochemical 
measurements predict [31] corrosion rates, P;, lower than the real corrosion 
rate, Py as determined for example by hydrogen evolution. The apparent 
electrochemical valence, (1 + k), is determined by the quantity (2P;/Py). For 
example Petty et al. [29] measured the apparent valence to be 1.5 in 150 g/L 
NaCl. If this was the only important effect, electrochemical measurements 
should always underestimate the actual corrosion rate by a constant fraction 
(which might depend on solution). 

Figure 12.13 indicates that the corrosion rate is not simply a constant 
factor greater than the corrosion rate predicted by the BEM model, so the 
negative difference effect (NDE) by itself may not be sufficient to explain 
Fig. 12.13. There could be other factors. 


12.6.3 Underestimation of galvanic current density 


As the NDE is a phenomenon due to the unique electrochemical behaviour 
of Mg alloys, the error caused by the NDE effect as discussed above is 
not present in steel, nickel, or copper galvanic corrosion. Apart from the 
NDE-induced error, another source of error is that anodic polarization or the 
galvanic current does not always reflect the real galvanic corrosion rate of a 
metal. This is particularly true for any metal under weak anodic polarization. 
It is well known that: 

in = ig = ig — ig 12.14 


P 
where i, and i, are the measured anodic polarization and galvanic currents, 
respectively; i, represents the real (theoretical) anodic dissolution or galvanic 
dissolution rate of the metal; i, is the real cathodic current. In theory, there 
is always: 

i 


=i, $a, 12.15 


Only under a strong anodic polarization condition, i, © 0, is there: 


aie, 12.16 


Therefore, in a galvanic system, it is a normal phenomenon that the real 
galvanic corrosion is more severe than that estimated by a measured anodic 
polarization or galvanic current, particularly in the zone relatively far away 
from the cathode where anodic polarization has become weak and the cathodic 
current is not negligible. 

In summary, NDE caused computer-modelling underestimation of the 
galvanic corrosion damage mainly occurs in the zone next to the cathode, 
and significant i, is responsible for the corrosion damage more severe than 
computer prediction in areas far away from the cathode. 
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12.7. Conclusions 


The GCA and GIA provide sound methodologies for the measurements of 
galvanic current density distributions, within their inherent limitations. The 
BEM-based BEASY program can reasonably predict the galvanic current 
density distribution for AZ91D-steel in 5% NaCl solution. 

The directly measured galvanic current density had an experimental scatter 
larger than the differences in the BEM curves caused by the scatter in the 
measurements of the polarization curves. The galvanic current density of the 
AZ91D electrodes increased with decreasing area ratio of anode/cathode. 

The galvanic current density of each electrode increased with increasing 
solution film depth as expected because the increase of the solution film depth 
resulted in a larger area for the current to pass and thus reduced the resistance 
against the current flow. The galvanic current density of the AZ91D electrodes 
decreased as the insulating distance increased. The maximum galvanic current 
density for the AZ91D electrode adjacent to the steel decreased significantly 
with increasing insulating distance. Furthermore, the average galvanic current 
for AZ91D electrodes decreased as the insulating distance increased. In other 
words, increasing insulating distance leads to less galvanic corrosion attack 
both locally and on average over the distribution. 

The galvanic current density distribution on AZ91D electrodes caused by 
galvanic interaction can be experimentally estimated as the linear superposition 
of current caused by each individual galvanic couple. However, this is not 
expected to be always the case. 

Both the BEM model and the experimental measurements of the galvanic 
corrosion of AZ91D sheet coupled to a steel insert showed a similar distribution 
of the current density distribution: a maximum at the interface and decreasing 
rapidly to zero within ~2cm from the interface. 

The total corrosion was interpreted as being due to galvanic corrosion 
plus self-corrosion for the galvanic corrosion of Mg sheet coupled to a steel 
insert. The self-corrosion was evaluated on the basis that the BEM model 
provides a good evaluation of the galvanic corrosion. On this basis, the self- 
corrosion rate was typically ~230 mm/yr for the area surrounding the interface 
and to a distance of about 2cm from the interface. However, the necessity 
to postulate self-corrosion indicates shortcomings in the methodology. 


12.8 Future trends 
12.8.1 Methodology of computer simulation 


The galvanic current density of the AZ91D electrodes decreased as the 
insulating distance increased. The increase of the insulating distance increases 
the length of the circuit and thus increases the resistance of the circuit. 
Therefore the galvanic current density of the adjacent anode and cathode 
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decreases according to Ohm’s law. It was suggested that these results could 
produce simple empirical formulations to provide rough estimates for service 
conditions. However, a much better way forward is the development of a user- 
friendly BEM package that could be used as a design tool to give quantitative 
evaluations of the galvanic current density distribution associated with a 
particular design. The research summarized herein [16—20] gives confidence 
that such a BEM package is possible. However, additional research is needed 
to address a number of points. 


Thin solution films 


It is conceivable that Mg corrosion under thin (~ um) surface solution 
films is different from that in a bulk solution [1,2]. In particular, oxygen 
reduction may be an important cathodic reaction. Local alkalization in 
the thin solution film facilitates formation of a partially protective surface 
film. These considerations are of particular importance when considering 
realistic exposure of auto components to salt spray. Thin solution films 
and high solution surface area imply high availability of oxygen for the 
cathodic reaction. There is also the issue that the corrosion rate for Mg in 
intermittent salt spray is much lower than the corrosion rate in immersion 
tests [30] (Table 12.2). 


Surface film composition 


Use of a 5% NaCl solution gave BEM predictions in good agreement 
with experimental measurements. This solution represents an aggressive 
environment, and may be realistic for service conditions in North America or 
Europe where there is significant de-icing salt usage and there is consequently 
an issue from the resulting salt spray. An NaCl solution could also be 
considered as providing a simple analogue to marine exposure. Moreover, 
the NaCl solution provides a worst-case situation. If a design is formulated 


Table 12.2 Corrosion rate (mm/yr) measured using 10 day exposure to ASTM B117 
5% NaCl salt spray test for high-purity AZ91 in various metallurgical conditions 

(F is as-cast; T4 is solution treated: 16h at 410°C and water quench, 4h at 215°C) 
compared with the corrosion rate measured using 96h exposure to 1M NaCl 
solution for AZ91 in similar metallurgical conditions (F is as-cast; T4 is solution 
treated: 100h at 410°C and water quench; T6 is solution treated and aged: 100h 
at 410°C and water quench, 5h at 200°C). Corrosion rate for pure magnesium is 
given for comparison 


Test for measurement of corrosion rate F T4 T6 Pure Mg 


Salt spray corrosion rate (mm/yr) 0.64 4 0.15 - 
Salt immersion corrosion rate (mm/yr) 16 24 6 1 
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to provide adequate performance in 5% NaCl, then it would be expected to 
perform better in a less aggressive environment. Nevertheless, it is important 
to have an adequate approach to less aggressive environments as Mg is widely 
used in environments much less aggressive than salt spray. 


Surface topography 


So far our research has largely addressed 1D galvanic corrosion. Ahead is 
the challenge of 2D influences. 


12.8.2 Galvanic corrosion modelling theory 


The development of galvanic corrosion modelling theory is another important 
future direction. Owing to the complexity in geometric shape of mixed- 
metal components, predicting the galvanic current and its distribution over a 
complicated component is difficult. Although computer simulation can estimate 
the galvanic corrosion damage of such a complicated system, computation 
is in nature a “computer experimental process’. It can only demonstrate the 
influence of the variation of input parameters on the output results. However, 
to fully understand a system, clearly defined analytical relationships between 
experimental parameters and experimental phenomena are essential. Thus, 
computer modelling cannot replace the merit of an analytical solution. 

Song [14] recently proposed that many practical galvanic corrosion 
systems can be reasonably simplified into a 1D model, of which an analytical 
description of the galvanic current is possible. For example, at least two 
types of galvanic systems can be treated in one dimension: (1) a fine tube 
containing electrolyte with cross section area far smaller than its length, and 
(2) a surface covered by a thin electrolytic film with film thickness much 
smaller than the length of electrolyte coverage. These two types of simplified 
1D model represent a large number of practical galvanic corrosion systems, 
such as (i) a panel with an organic coating covered by an electrolyte, (ii) a 
panel exposed to the atmosphere with some condensed liquid on its surface, 
(iii) a panel with water splashed over its surface, (iv) a water or oil pipeline, 
(v) ahemmed edge of a vehicle body closure with moisture accumulated in 
the hem crevice, (vi) a fuel or brake oil pipeline in a vehicle, (vii) coolant 
and oil paths in an engine block, etc. This insight makes advancement of 
galvanic corrosion theory possible. 

Song [14] indicated that any 1D system can be simplified into two groups 
of segments: (1) a ‘dead end’ system and (2) an ‘open end’ system. The 
potential and Faraday current density can be written as follows. For a piece 
of metal (c) having a length c, if a current or potential is applied at its right 
end, then /;= 0 at x = 0 which is a ‘dead end’. The potential and current 
equations for this system can be obtained. The same for a piece of metal 
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(a) having a length ‘a’, if a current or potential is applied at its right end, 
then J; = 0 at x = 0 which is a ‘dead end’. For a section of metal having 
length b, if both of its boundary conditions are known, e.g. at the left end, 
the potential of the electrolyte is ‘§ and current is i}; and at the right 
end, YP and i, respectively, then it is an ‘open end’ system. Its potential 
and current expressions can be mathematically deduced. The above ‘dead 
end’ and ‘open end’ system can comprise a complicated galvanic corrosion 
system. The potential and current equations deduced for these elementary 
systems lay a foundation for deducting potential and current equations of 
complicated galvanic systems. 

For example, if there are two pieces of metal (a) and (c) joined together, 
each metal will be equivalent to a ‘dead end’ single piece metal as discussed 
above, and the current i; flowing out of the electrolytic film over metal (a) 
should be equal to the current ig into the electrolytic film over metal (c) 
across the point interface: 


pa Fac 


ig = Ig = ig = Ip 12.17 


or 
if if =0 12.18 


For these two pieces of metal, the potential E* of metal (a) should be equal 
to the potential E° of metal (c) at their joint interface: 


EE lie = Epa 12.19 


With these relationships, the potential and current of the system can be 
obtained. 

Similarly, if there are three pieces of materials (a), (b) and (c) joined in 
series such that (a) is joined to (b) which is joined to (c), then materials (a) 
and (c) are equivalent to a system having a ‘dead end’, and material (b) that 
is inserted between metals (a) and (c) can be treated as a section with ‘open 
ends’. Therefore, the potentials and flowing currents over different metals 
must be equal at their joints. These lead to their theoretical potential and 
current expressions. 

The most important contribution of Song’s theory [14] is the extension 
of the ‘dead end’ and ‘open end’ system to a complicated system. The 
methodology adopted to deduce the potentials and currents for the galvanic 
systems with two joints and three pieces of material is straightforward; 
simply let the flowing currents and potentials of the two materials in direct 
connection be equal at their joint point. This generates a sufficient number 
of equations to determine the unknown parameters of these galvanic systems. 
In fact, the methodology can be extended to work out the potentials and 
current densities for systems containing more than three pieces of material 


© Woodhead Publishing Limited, 2011 


480 Corrosion of magnesium alloys 


Electrolytic 6 or 0 
eee ee ae > 
t Xx 
m m Mey} ™M; | Mis Mp1} Mp, 


‘Dead end’ ‘Open ends’ ‘Dead end’ 
on the left systems on the right 


12.14 Schematic illustration of a multi-piece system (complicated 
system) [14]. 


joined together in series. For a multiple-material system, in addition to the 
left and right ‘dead end’ pieces mp and m,, there are n—1 “open ends’ pieces 
between mp and m, (see Fig. 12.14). In this case, the polarization currents 
flowing into/out of these ‘dead end’ and ‘open end’ pieces can be obtained 
according to the above discussion: 


y? tanh D4 
ip = at ae 12.20 
5 = rs a> . 
PsPp 


n 
et oa aue tanh = 


s 12.21 
a x ni [p,p" nd 


yo cosh - Wi 


ig =1} 


=i, = on 12.22 
c= Pa mj i “ = 5 
ji=0 af Dep ne 
vi — Wicosha 
i =? - = 12.23 


x= = mj =m; 
fi=0 a Depo sone il 


where, i; is the flowing current at the right end of the first segment of 
the system, ij is the flowing current at the left end of the last segment of 
the system, ij and @, are the flowing current at the left and right ends of 
segment i of the system. These currents should be equal between every two 
adjacent pieces: 


i? =i 
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pt sin 12.24 
Parameters m,, L', p, and p' are constants that are known or can be measured, 
so in total 2n variables Yo and Yj, are involved in the equation set (12.24). 
They are all simple linear equations. The number of equations is n. At the 
same time, we know: 


Po — Po = Econ — Evor 

Pi, — Yo = Eco — Econ 

Pi) — Yo = Eton — Econ 

OPP eG abe =i 12,25 


Equation (12.25) provides an additional n linear equations. Therefore, all 
the potentials yj and w} can be evaluated and all have their analytical 
expressions. Correspondingly, the galvanic potentials and currents over each 
piece of the element can be obtained. In other words, the galvanic potential and 
current distributions over a multi-piece system is evaluated using analytical 
expressions. Although the expressions are more complicated than those 
for a three-piece system, it is a great advantage to analytically calculate a 
theoretical galvanic potential or current directly based on system parameters, 
rather than to simulate them through a numeric modelling process. 

The significance of these theoretical expressions for galvanic currents and 
potentials is as follows: 


e This multi-piece system can be easily extended to a more complicated 
non-uniform system. A non-uniform system can be divided into many 
small pieces and each of the small pieces can be regarded as a uniform 
system. Therefore, the complicated non-uniform system becomes a 
multi-piece system. 

e This multi-piece system can also be extended to a micro-galvanic 
corrosion system. For example, an alloy sometimes consists of different 
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phases. The distribution of these phases can be regarded as segments 
of a multi-piece system. Hence, this multi-piece theory can be directly 
used to deal with a micro-galvanic corrosion of an alloy. 

e Based on these theoretical equations for galvanic corrosion systems, 
computer simulation becomes much easier, as the theoretical calculation 
significantly reduces the computer trial-and-error iteration process and 
the physical meanings of the computer simulated results become clear. It 
is expected that the combination of the theory with computer modelling 
will be a future tendency. 
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Non-aqueous electrochemistry of 
magnesium (Mg) 


D. AURBACH and N. POUR, Bar Ilan University, Israel 


Abstract: Several important aspects of non-aqueous magnesium 
electrochemistry are reviewed. It is important to develop effective 
magnesium (Mg) deposition processes. There is also a strong interest 

in research and development (R&D) of rechargeable Mg batteries. This 
chapter describes non-aqueous solutions that may be relevant to Mg 
electrochemistry, including conventional polar aprotic solvents and ionic 
liquids. It also describes several basic aspects of active metal surface 
chemistry and their possible passivation processes. The electrochemistry 
of magnesium in conventional electrolyte solutions and in ionic liquids is 
discussed. The chapter then describes electrolyte solutions possessing wide 
electrochemical windows in which Mg electrodes behave reversibly. These 
systems are based on ether solvents and complexes of the (RMgCl or 
R.Mg),—-(AICI13_,R,,), type in which R = alkyl or aryl groups. Finally, 

the chapter deals with another important aspect of non-aqueous Mg 
electrochemistry, i.e. the possibility of electrochemical intercalation of Mg 
ions into inorganic hosts. The development of electrolyte solutions with wide 
electrochemical windows in which Mg electrodes behave reversibly and 
hosts that can intercalate Mg ions are important milestones on the way to 
developing practical rechargeable Mg batteries. 


Key words: magnesium, rechargeable batteries, intercalation, magnesium 
deposition, non-aqueous electrolyte solutions. 


13.1 Introduction 


There are two major interests in the non-aqueous electrochemistry of 
magnesium (Mg): 


e electroplating of magnesium for purposes of surface finishing, cathodic 
protection against corrosion, etc.; 

e the use of magnesium as an anode in high energy density, non-aqueous 
batteries. 


Over the years much work has been done on these topics in addition to 
the publication of papers describing attempts to electroplate magnesium 
[1-5]. There have been reports on the study of the corrosion of magnesium 
in non-aqueous systems [6] and the behavior of the Mg?* CMg(Hg) couple 
[6-10]. 


484 
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There is no question that one of the most important challenges in modern 
electrochemistry is the development of novel, high energy density, rechargeable 
batteries. In the research and development (R&D) of such battery systems, 
environmental aspects are becoming increasingly important alongside the 
demand for high-performance and low-cost systems. 

Batteries are electrochemical devices that store energy in the form of 
chemical bonds, and they convert this energy directly into electricity. In 
general, a battery consists of a cathode that is the positive pole of a cell, an 
anode that constitutes the negative pole, and an electrolyte matrix that is the 
medium which carries current internally, through which ions flow. Cathodes 
are usually made of materials which possess high oxidation states, and are 
thus oxidation agents. Conversely, anodes are usually made of materials 
in a low oxidation state, and are thus reduction agents. Therefore, a cell 
assembly is a metastable system far from equilibrium. The voltage of such 
a cell depends on the difference between the oxidation and reduction power 
of electrodes, and can be calculated from the thermodynamic properties of 
any selected couple by using Eq. 13.1: 


AE = —AGo/nF 13.1 


where AEj is the standard cell voltage, n is the number of electrons that pass 
during the electrochemical reaction (discharge or charge), F is the Faraday 
constant, which is 96500 coulombs per mole of electrons, and AGp is the 
standard free energy of the redox reaction of the entire cell. 

A battery’s performance is evaluated from many factors, the most important 
of which are its energy content, the maximum power it can deliver, its 
cycleability and its cost. No single battery system can be considered as a 
‘dream machine’ that possesses all the desirable properties, which is why the 
market offers so many different types of battery. This is also the motivation 
behind the development of new types of battery systems. An examination of 
the periodic table clearly reveals that lithium metal would definitely provide 
the highest energy content for an anode. However, its selection as an anode 
has drawbacks: the metal is relatively expensive and its use is hazardous. 
Hence, although it might be the best anode material for high-end, small 
portable products, it is too expensive and not safe enough for large-scale 
applications such as large power backups (uninterruptible power supply, 
UPS) and battery systems for load leveling applications (e.g. storage of 
sustainable energy from large fields of solar panels or wind turbines). 

In that respect, one of the great successes in electrochemical science in 
recent years was the development and commercialization of Li ion batteries 
[11,12]. In addition to R&D of Li and Li ion batteries over the past few years, 
the development and commercialization of other novel battery systems, such 
as nickel metal—hydride [13], zinc—air [13], and practical fuel cells [14] have 
taken place within the framework of a general effort to develop alternative 
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means of propulsion to gasoline and internal combustion engines, namely, 
electric vehicles. 

Following the successful implementation of lithium battery technology, 
the search for other promising battery materials focused on Mg metal as a 
significant and desirable candidate for the anode material in high energy 
density batteries. 

Figure 13.1 presents the natural trend in the consideration of Mg metal as 
a very promising candidate for high energy density battery anodes that can 
be advantageous over Li-metal anodes, due to improved safety features. 

In terms of battery application, the redox potential of the Mg/Mg** 
couple is ca. 1 V higher than that of the Li/Li* couple. In addition, the 
charge capacity of magnesium, 2233 mAh/g, is lower than that of lithium, 
3829 mAh/g. Thus, it is obvious that batteries based on magnesium would be 
inferior to Li batteries in terms of energy density. However, assuming that 
high-capacity cathode materials consisting of Mg, M, O or Mg, M, S atoms 
(M = transition metal) could be developed for these batteries, analogous to 
those developed for Li and Li ion batteries [15], one can predict that Mg 
batteries may have an energy density of >100 Wh/kg. This is more than 
twice the energy density of the leading ‘low-tech’ rechargeable batteries, 
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13.1 Properties of Mg metal that make it of interest as an anode 
material for batteries. 
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including lead—acid and Ni-Cd battery systems [13], the ‘workhorses’ of the 
industry. The enhanced safety, lower prices, and simple waste management 
of Mg batteries may compensate for their expected lower energy density 
compared with Li ion batteries. Furthermore, Mg compounds are abundant 
in the Earth’s crust, and most of them are non-toxic. 

The scientific literature of recent years contains a few reports of R&D 
efforts on Mg batteries. In addition to primary magnesium batteries and those 
developed for commercial and military applications [13], several research 
groups tried to develop primary aqueous and non-aqueous Mg batteries 
[16-19]. The key to operation with a metal-based anode is an appropriate 
electrolyte solution in which reversible electrochemical metal deposition can 
occur, 1.e. as the battery supplies power, the anode dissolves electrochemically, 
yielding metallic ions in the solution. In a rechargeable battery this process 
must be reversible, enabling the re-deposition of metal from metallic ions in 
the solution onto the anode by electrolysis, using an external power source (a 
charger). Since magnesium is an active metal, aqueous solutions are obviously 
impractical for rechargeable systems; magnesium would react with water 
and corrode. Thus, as in the case of lithium, organic polar materials must be 
utilized as solvents for electrolytes. It is generally known that magnesium 
can be electrochemically and reversibly deposited and dissolved in ethereal 
Grignard solutions (RMgX, R = alkyl, aryl groups, and X = Cl, Br) [20]. 
Despite the very high reversibility of Mg electrodes in these solutions, they 
are not at all suitable as electrolyte solutions for battery applications owing 
to their extremely poor conductive and anodic stability [21]. Anodic stability 
is a term pertaining to the capability of a solution with a salt solvent to 
withstand the presence of an oxidizing agent, namely, the cathode. 

Hence, when reviewing important aspects of non-aqueous magnesium 
electrochemistry, it is important to consider the reversibility of Mg deposition 
processes, to map possible corrosion process of Mg electrodes, and to determine 
the anodic stability of electrolyte solutions in which Mg electrodes behave 
reversibly. In the following sections, we will briefly review conventional 
non-aqueous electrolyte solutions and the passivation of active metals in non- 
aqueous solutions, after which we will describe systematically the behavior 
of Mg electrodes in various types of conventional and non-conventional 
non-aqueous electrolyte solutions. Finally, we will review in brief another 
important aspect of non-aqueous magnesium electrochemistry, which is the 
electrochemical intercalation of Mg ions into inorganic hosts. 


13.2. A short review of non-aqueous electrolyte 
solutions 


Figure 13.2 presents formulae of a variety of polar aprotic solvents that may 
be relevant to non-aqueous active metal electrochemistry. This figure also 
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presents formulae of commonly used Li salts and commercially available 
Mg salts that can be dissolved in these solvents. It should be noted that polar 
aprotic solutions for electrochemistry were explored in depth. References 
[22—24] provide comprehensive reviews which include extensive physical 
data. 

The first important topic for discussion is how salts are dissolved in aprotic 
solvents, and to what extent the ions are separated in solutions. The next issue 
is the ionic conductivity of certain combinations of electrolyte and solvents, 
and their temperature dependence. Intensive work has been devoted over 
the years to the discovery of representative solvent parameters, to which 
electrolyte solution properties such as solubilizing ability, ion separation 
and ion conductivity can be correlated [25]. Trivial solvent parameters that 
may be important in this respect are dipole moments and dielectric constants. 
However, over the years, parameters such as donor and acceptor numbers 
[26] were proven to provide better probes for solvent characterization. In 
general, polar solvents may allow appropriate ion separation of a wide variety 
of electrolytes. However, polar solvents are also more viscous and hence 
the high viscosity of a solvent may counter-balance good ion separation. 
Thereby, using highly polar solvents does not necessarily ensure high ionic 
conductivity. Consequently, it is possible to obtain high ionic conductivity 
by the use of mixtures that contain both highly polar viscous solvents and 
less polar, but less viscous, solvents. The impact of the salt concentration is 
also important. A high salt concentration means a high amount of ions for 
charge transport, but also pronounced inter-ion interactions that inhibit their 
fast mobility in solutions. Therefore, for most of the practical solutions, an 
optimum electrolyte concentration exists for maximizing ionic conductivity 
[22-24]. 

Another critical property of electrolyte solutions is their electrochemical 
window. This property can be measured with only inert electrodes. These 
may include carbonaceous materials: glassy carbon and conducting (by 
doping) diamonds and precious metals, mostly gold and platinum. 

Figure 13.3 shows typical electrochemical windows of important families 
of electrolyte solutions. Several important aspects should be noted: 


e Solvents are polar due to functional groups that can be electron-withdrawing 
or electron-pushing groups. Solvents with electron-withdrawing groups 
(e.g. carbonates, nitriles, sulfones) are presumed to have high anodic 
stability and low cathodic stability. In turn, solvents that demonstrate high 
cathodic stability (such as ethers) because they do not possess electron- 
withdrawing groups, should have limited anodic stability [27]. 

e The nature of the electrolyte cations may be critical for the apparent 
cathodic stability of polar aprotic solutions. The solubility of the reduction 
processes that limits the solution’s cathodic stability depends on the cations. 
When the solutions’ reduction products are insoluble, they precipitate 
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on the electrodes’ surfaces and passivate them. Ions such as Li*, Mg”*, 
Ca?* and Na’ precipitate together with solvent reduction products such 
as RO™ (ethers), RCOO™ (esters), RCO,O™ (alkyl carbonates) to form 
passivating surface films. When the cations are tetraalkyl ammonium, 
passivating surface films are not formed by the reduction of the above 
solvents [28]. 


When considering the conventional polar aprotic families of solvents 
(mentioned in Figs 13.2 and 13.3), esters, alkyl carbonates, sulfones, amides 
and dimethylsulfoxide (DMSO), can be suspected as being reactive with 
active metals such as magnesium (see later discussion). Only ethers seem 
to be suitable for reversible Mg electrodes and electrochemical deposition 
of magnesium metal. 

Another important class of polar aprotic systems that can be relevant 
for magnesium electrochemistry is that of ionic liquids (ILs). Figure 
13.4 presents formulae of relevant ionic liquids. This figure also includes 
tabulated physical properties of commonly used ILs in electrochemistry. 
The main important features of ILs are the possibility to obtain highly 
ionically conducting solutions with wide electrochemical windows, low 
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13.3 Schematic potentiodynamic behavior of several families of polar 
aprotic solutions, which demonstrate their electrochemical windows 
(obtained by voltammetric studies of solutions with inert electrodes 
such as platinum). 


© Woodhead Publishing Limited, 2011 


Non-aqueous electrochemistry of magnesium (Mg) 491 


CoHs CH = 
© \N(SO,CF5)5 CO N(SO,CF3), ; ae NONE 
N OH CH ~C2H5 
oes /\CoHy Gils. 2" : 
N-butyl-N-methyl N-propyl-N-methyl N, N-diethy- 1-ethyl-3-methyl 
pyrrolidinium piperidinium N,N-dimethyl imidazolium 
(BMP) (PMPp) ammonium (EMI) 
00 
CF2.4 WCF 
Ao: ll 
(e) IN 
bis(trifluoromethanesulfonyl)imide 
(TFSI) 
Cation Anion | Melting Density Viscosity Conductivity o 
point (°C) | (gem%) (20°C) | (mPas) (25°C) | (10-*S cm) (25°C) 
BMP TFSI -18 1.41 85 22 
PMPp TFSI 8.7 1.43 117 15.1 
(CH3)2(C2Hs)2N | TFSI -14 1.41 83 12 
EMI TFSI -15 1.52 34 87 
EMI BF, 13 1.28 37 140 


13.4 Structural formulae and some physical properties of ionic 
liquids which are important for non-aqueous electrochemistry. 


volatility and, hence, promising safety features of energy storage devices 
that use them as electrolytes [29]. Non-aromatic ILs based on quaternary 
ammonium cations, especially cyclic systems such as the derivatives of 
piperidinium and pyrrolidinium rings, demonstrate high cathodic stability, 
and may even be suitable for Li electrochemistry. Aromatic systems such 
as imidazolium-based ILs have a lower cathodic stability. However, since 
the redox potential of magnesium is higher than 1 V, compared with that 
of lithium, piperidinium, pyrrolidinium and imidazolium-based systems are 
apparently suitable for Mg electrochemistry. Hence, one can expect that in 
highly pure ILs, free from active contaminants such as H,O, acidic species, 
O,, CO, etc., Mg electrodes may behave reversibly. 

In conclusion, it is expected that both ethereal solutions and a variety 
of IL-based electrolyte systems may be suitable for reversible Mg 
electrochemistry. 


13.3. A short review of the passivation phenomena 
of active metals in non-aqueous electrolyte 
solutions 


Active metals are always covered by native surface films formed by reactions 
between the metal and atmospheric components. The native surface films 
on active metals usually have a bilayer structure. The inner layer comprises 
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mostly metal oxide, MO,, and the outer layer comprises metal hydroxide 
M(OH), and metal carbonate M,CO3. Active metals such as lithium also 
react with nitrogen to form lithium nitride (Li,N), and thereby, the native 
films on lithium may contain lithium nitride (Li3N) as well. When an active 
metal is introduced into polar aprotic solutions, a variety of reactions and 
interactions take place, as illustrated in Fig. 13.5. Some of the native surface 
species dissolve, and the solution components may percolate through the native 
film and react with the active metal. Trace water hydrates the metal oxide 
and hydroxide, and hence, can diffuse through the native surface films and 
react with the active metal. Metal oxides and hydroxides can nucleophilically 
attach organic esters and alkyl carbonates. Metal dissolution processes may 
break down the surface films and expose fresh active metal to the solution. 
The active metal thus exposed (unprotected by surface films) reacts with 
components of the electrolyte solutions. 

Extensive studies of lithium surface chemistry have been carried out for 
more than three decades, and have enabled the mapping of a wide variety of 
surface reactions that occur in the most important families of solvents, salt 
anions and active atmospheric contaminants [30,31]. Based on these studies, 
it is possible to understand the surface reactions of other active metals in 
important polar aprotic electrolyte solutions. In each family of solvents there 
are dominant surface species that are formed on active metals: metal oxides 
in ethers, metal carboxylates in esters and metal alkyl carbonates in alkyl 
carbonates. However, the situation on active metal surfaces in solutions is 


Surface reactions 


MO, 
—RCOOR’ 
(R’O) M, (RCOO) 2M 


M(OH), 
ROR’ F Solution 
RCOOR’ phase 
ROCO,R’ 
Solution (RO) ,M-—+R’OH Solution 
—> (RCOO),M-+R’OH reduction 
(ROCO,),M—+R’OH products 


Remaining 


An active metal covered by native surface films is introduced into the solution. 


13.5 A schematic illustration of the surface chemistry of an active 
metal when introduced into non-aqueous (polar-aprotic) solutions. 
Active metals are usually initially covered by bi-layered surface films 
(due to reaction with atmospheric gases) which are converted to 
complicated surface films due to reactions with solution species. 
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very dynamic. Surface species that are initially formed, e.g. organic metal 
salts, can be further reduced to carbides and oxides. Trace water can be 
reduced stepwise, forming metal hydroxide, oxide and hydride. Trace water 
reacts with ROCO.M to form lithium carbonate, carbon dioxide and ROH. 
Carbon dioxide, when formed, reacts with M(OH), or M(OR), to form 
metal carbonates. Acids such as HF react with metal carbonate, ROCO.M 
and ROM to form lithium fluoride (LiF) and their parent protic precursor 
(carbonic acid (H,CO3), ROCO,H and ROH). 

To these sets of primary and secondary reactions related to solvents, one 
has to add the contributions of salt anion reduction, which usually forms 
metal halides and M,AX, species (A is the main high oxidation-state element 
in the salt anion and X is a halide, such as chloride or fluoride). Most of 
the products of active metal surface reactions are ionic compounds that 
are insoluble in the mother solution, and therefore, precipitate as surface 
films. It should be added to this picture that possible polymeric species can 
be formed, especially in alkyl carbonate solvents, whose reduction forms 
polymerizable species such as ethylene or propylene. Hence, the surface 
films formed on active metal electrodes are very complicated. They have a 
multilayer structure perpendicular to the metal surface, and a lateral, mosaic- 
type composition and morphology (i.e. containing mixtures and islands of 
different compounds and grains). Such a structure may induce very non- 
uniform current distribution upon metal deposition or dissolution processes, 
which leads to dendrite formation, a breakdown of the surface films, etc. 
These situations are demonstrated in Fig. 13.6: active metal dissolution 
leads to the break-and-repair of the surface films, thus forming mosaic-type 
structures. 

Turning specifically to magnesium, we explored in depth the surface 
chemistry of this metal [31,32]. As can be learnt from the value of the 
standard potential of the Mg’*/Mg couple in the electrochemical series, 
—2.37V, magnesium is a highly reactive metal. Therefore it is expected that 
any exposed metal surface will react promptly with most of the atmospheric 
gases. Oxygen and water are, naturally, the greatest concern. Therefore, even 
under the atmosphere of a high-purity glove box, the metal is expected to 
react with oxygen and humidity traces and form surface films. The expected 
reaction products are MgO and Mg(OH)),, as well as some hydrated forms 
of these compounds. We used X-ray photoelectron spectroscopy (XPS) 
extensively for these studies. Indeed, all of the O(1s) spectra could be 
deconvoluted into two peaks, at ~529.6 and 530.5 eV (calibrated vs. C(1s 
= 285.0eV)), the first one attributed to MgO and the other to Mg(OH)>. 
Furthermore, in all in-depth profiles, it was demonstrated that the Mg(OH) 
rich layer lies on top of the MgO one. Moreover, and no less important, 
there is no indication for the formation of MgCO3. 

One of the most important questions is whether magnesium metal reactions 
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Electrochemical active metals dissolution (Li, Mg, etc.) leads to the breakdown 
and repair of the surface films. 


13.6 A schematic presentation of break and repair of surface films 
upon irreversible electrochemical dissolution processes of active 
metals such as magnesium. 


with ethereal solvents, such as tetrahydrofuran (THF) and related solutions 
to form stable surface layers, in the same matter as lithium does. Such 
reaction products are expected to be some magnesium salts of the reduction 
products of the organic species. The main spectroscopic (by XPS) feature of 
such products should be the carbon C(1s) peak. Although all Mg samples 
exposed to ether solutions may show C(1s) XPS peaks, they contain only 
the minor features expected from stable, organic, salt-like compounds, if 
any. First, the C(1s) signal originates in all the samples from a carbonaceous 
material. Second, Ar* sputtering shows that this signal relates to weakly 
adsorbed molecules rather than to a strongly adherent species. Interestingly, 
even with Mg samples that were in contact with a reactive solvent such 
as propylene carbonate (PC), no evidence was found for either organic or 
inorganic carbonates, the expected reduction products of this solvent. Our 
XPS studies of Mg surfaces never provided unambiguous proof that there 
is no reaction whatsoever between magnesium metal and alkyl carbonate 
solutions, but they do indicate that if there is a surface film formation, it 
must be confined to a monolayer scale. 

Similar conclusions can be drawn for other components, such as 
dibutylmagnesium and BuMgCl in ethers. The corresponding elements in 
these compounds were found at the outer surface and were, again, easily 
removed by sputtering. Further proof for the adsorption scheme can be found 
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on the analysis of gold electrodes that were immersed in ether solutions with 
no polarization. Even without any electrochemical manipulations, and after 
rigorous washing, chlorine, aluminum, magnesium and carbon were clearly 
detected on the surface. Since gold is inert to these solutions, only tenacious 
adsorption processes could have led to the presence of these elements. 
Probably the most important information regarding the electrochemistry 
of magnesium in complex ethereal solutions such as Mg(AICI,R>)./THF, 
which are important for Mg batteries (see later), arises from the analysis of 
gold electrodes after electrodeposition of magnesium. In these spectra, we 
could observe that the quality of the magnesium deposits is identical to that 
of the pure Mg metal that was in contact with the same solutions. This fact 
indicates that even under the most sensitive conditions, i.e. a fine growth by 
slow electrochemical processes, the magnesium grows as pure metal with an 
interface that is probably free of surface films, in complex ether solutions. 
On the basis of the above conclusions, we believe that upon immersion 
in ether solutions, Mg metal electrodes become covered with adsorbents 
composed of the various solution species, with no chemical reactions. 


13.4 Magnesium (Mg) electrodes in conventional 
polar aprotic solvents and in Grignard solutions 


In 2000, we disclosed a description of rechargeable Mg battery systems 
that include new solutions based on Mg—AI—Cl-R (R=alkyl, aryl groups) 
complexes in ether solvents. These solutions enable both the fully reversible 
behavior of Mg electrodes and wide electrochemical windows (>2.2-3.3 V) 
[33]. Below we review in brief extensive work that was carried out by others 
on non-aqueous Mg electrochemistry before the year 2000. The behavior 
of Mg electrodes in thionyl chloride has been investigated by Peled and 
Straze [34]. Genders and Pletcher have studied the basic electrochemical 
behavior of the Mg** CMg couple in THF and PC, using microelectrodes 
[35]. A comprehensive report on the feasibility of rechargeable non-aqueous 
magnesium batteries has been published by Gregory et al. [36]. Reviews of 
the anodic behavior of magnesium in non-aqueous electrolytic solutions [37], 
plating of magnesium from organic solovents [38], and the reversibility of 
Mg electrodes in Grignard solution [39] should also be acknowledged. 

In general, the solubility of Mg salts such as Mg(ClO4)2, Mg(SO3CF3), 
etc. in commonly used solvents (ethers, alkyl carbonates and esters) is lower 
than that of Li salts. From the extensive work of Lossius and Emmenegger 
[38], it appears that MgCl, and Mg(CF;3SO3), in dimethylformamide (DMF), 
dimethylacetamide (DMA), diethylacetamide, y-butyrolactone (y-BL), or binary 
mixtures of them, have acceptable solubility and conductivity. It was further 
discovered by these authors [38] that Mg dissolves with low overpotential and 
high dissolution efficiency in many systems with a Mg(CF3SO3), solute. In 
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solutions with DMF and DMA, a Mg”* CMg reduction process was identified 
at potential <—3.0V (vs. ferrocene/ferricenic picrate, FC). However, in 
none of the systems mentioned above did the Mg** CMg reduction lead to 
a measurable Mg deposition. It has been suggested that transient Mg” is too 
reactive for these solvents and undergoes a reaction with the solvent, instead 
of forming a metal layer on the electrode. 

Mg electrodes were found to be highly reversible in solutions containing 
Grignard reagents. Most of the commonly used polar aprotic solvents, such 
as alkyl carbonates, esters and acetonitrile, are too electrophilic for Grignard 
reagents (which are strong nucleophiles), and thus react with them readily. 
The only solvents in which stable Grignard solutions can be prepared are 
ethers. The highly reversible behavior of Mg electrodes, which includes 
the deposition of metallic magnesium at high coulombic efficiency in 
THF containing Grignard salts, has been reported by a number of authors 
[1-4,35,36,39]. Typical Grignard reagents tested in this respect were RMgCl 
(R = methyl, ethyl or butyl) [36] and CH;CH,MgBr [35,39]. There are reports 
on the reversible behavior of Mg electrodes in high-temperature molten 
salts such as MgCl, (740°C) [40], MgCl, + NaCl (700—800°C) [41] and 
MgCl, + MgF, (700°C) [42]. The attempts to prepare electrolyte solutions 
of Mg salts based on room temperature organic molten salts should also be 
acknowledged [43,44]. 

Figure 13.7 shows a typical voltammetric (black line) and electrochemical 
quartz crystal microbalance (EQCM) (grey line) response of a typical 
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13.7 Typical voltammetric and mass accumulation/depletion 
responses (EQCM experiments) of Grignard reagent solutions such 
as THF/BuMgCl solution, with inert electrodes such as platinum. 
These reflect fully reversible Mg deposition/dissolution processes. 
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Grignard reagent solution: THF/C,H)>—MgCl [45]. This voltammetric response 
demonstrates a reversible Mg deposition process at relatively low nucleating 
overvoltage and a very narrow electrochemical window, below 1.5 V. The 
EQCM responses of Mg deposition—dissolution processes in THF/RMgCl (R 
= CH3, CH3CHb, C4Ho) solutions indicate, in most cases, a cycling efficiency 
close to 100%. Mg deposition in these solutions forms micrometric-sized 
crystallites that are uniformly dispersed on the substrates’ surfaces (either 
Mg or other metallic surfaces). Prolonged and repeated deposition-dissolution 
processes maintain a uniform morphology of the Mg deposits, with no 
dendritic formation. 

Surface studies by Fourier transform infrared (FTIR) spectroscopy and 
XPS proved that there is no surface film formation on the electrodes (or 
Mg deposits) in ether—Grignard reagent solutions [32,46]. It is clear that 
Mg deposition takes place only on bare non-passivated surfaces. In general, 
the RMgX species in ethereal solutions undergoes the following equilibria 
[47]: 


2RMgX = R»Mg + Mgx, 
2RMgX = RMg* + RMgx> 


Hence, RMg* is the moiety that interacts with the electrode’s surface upon 
Mg deposition and RMgX;j is the moiety whose oxidation process marks the 
anodic limit of the narrow electrochemical window of these solutions. 

The behavior of Mg electrodes in many of the polar aprotic solvents 
described above resembles that of calcium electrodes [48,49]: 


e Both metals in most of the commonly used polar aprotic electrolyte 
systems are passivated by surface films. 

e These surface films do not conduct the bivalent metal ions, and thus, 
Ca or Mg dissolution may occur via the breakdown of the surface films, 
while Ca or Mg deposition in these systems is impossible. 


However, a remarkable difference between the electrochemical behavior of 
the two metals lies in the fact that Mg deposition is possible in the above- 
mentioned Grignard salt solutions, while there are no parallel systems in 
which Ca deposition is possible. The electrochemical behavior of both 
these metals is quite different from that of Li electrodes. In the latter case, 
the surface films formed on Li in most of the commonly used electrolyte 
solutions are Li ion conducting. Hence, electrochemical Li deposition and 
dissolution is possible in most of the commonly used aprotic electrolyte 
solutions via the transport of Li ions through the surface films that always 
cover these electrodes in solutions. 

Our studies on non-aqueous Mg electrochemistry in conventional electrolyte 
solutions and ether/RMgX solutions can be concluded as follows [31]. The 
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electrochemical behavior of Mg electrodes is controlled by surface films that 
are formed spontaneously by the reaction of the active metal with atmospheric 
contaminants, solvents such as alkyl carbonates and acetonitrile, and salt 
anions such as ClO4 and BFy. These surface films thus comprise insoluble 
Mg salts, including Mg halides, MgO, Mg(OH)>, (ROCO>), Mg (in the case 
of alkyl carbonate solvents), and possibly species such as Mg(N=C=CH)) 
in acetonitrile (ACN) solutions. These surface species normally passivate 
Mg electrodes in solution and prevent a continuous spontaneous reaction 
between the active metal and the solution components. In this respect, the 
electrochemical behavior of Mg electrodes resembles that of Li electrodes 
in polar aprotic electrolyte solutions. In contrast to the case of Li electrodes, 
where the surface films that cover them allow Li ion migration through them, 
most, if not all surface films formed on Mg electrodes in polar aprotic solutions 
do not transport Mg”* ions. Thus, Mg dissolution can only take place via the 
breakdown of the passivating surface films when the electrodes are polarized 
anodically. Cathodic polarization repairs the films and even thickens them, 
making it impossible to obtain Mg deposition in reactive solvents such as 
alkyl carbonates or acetonitrile and, probably, esters. The presence of acidic 
species in solutions also leads to the breakdown of the passivation, and thus 
enables Mg dissolution to occur at relatively low overpotentials. 

A class of aprotic solvents that is not reactive with Mg is that of ethers 
such as THF. Thus, when using Mg salts whose anions are not reactive 
towards Mg metal, it is possible to obtain reversible Mg deposition and 
dissolution. Grignard reagents of the RMgX (R = alkyl, X = Cl, Br) type are 
good examples of such salts. In ether and RMgX solutions, stable passivating 
surface films are not formed on Mg electrodes. However, Mg deposition in 
these solutions does not occur via a simple two-electron transfer to Mg”* ions, 
and involves the adsorption of species formed by the reversible dissociation 
processes of the Grignard salts. 


13.5 lonic liquids (ILs) for magnesium (Mg) 
electrochemistry 


In the search for inert polar aprotic solutions suitable for reversible Mg 
electrochemistry having wide electrochemical windows, ILs appear to be 
promising candidates. Indeed, recent work has demonstrated the possibility 
of reversible Mg deposition—dissolution in ILs comprising derivatives of 
imidazolium salts [50,51]. In parallel to those studies, we also studied the 
possibility of using ILs as electrolyte systems for Mg electrodes [52]. Figure 
13.8 shows the various IL systems studied and the relevant Mg salts. It should 
be noted that with none of these systems was it possible to obtain reversible 
Mg deposition and dissolution, even in systems that could dissolve Mg salts 
up to high concentrations. 
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713.8 Formulae of the ionic liquids and relevant salts tested as 
potential electrolyte solutions for rechargeable Mg batteries. 


It appears that Mg electrodes, even if initially active, reach passivation in 
all the IL-based systems presented in Fig. 13.8, no matter which Mg salts are 
used. Passivation occurs due to reactions of magnesium with several types 
of ILs (as is the case for imidazolium-based systems), or to reactions with 
unavoidably present trace water. Our previous studies [31] may indicate the 
reactivity of bare Mg metal with anions such as ClOg and BF 4. The results 
of such reactivity are the formation of insoluble Mg halides that completely 
block the Mg electrodes. 

In certain IL systems, such as ethyl-methy] imidazolium-AlCl,, Mg metal 
visibly dissolves. We tried to repeat the experiments described by Nuli et al. 
[50,51] but were unable to obtain any reversible behavior of Mg electrodes 
or reversible Mg deposition—dissolution processes or noble metal electrodes 
in any of the IL systems described in Fig. 13.8. Hence, we have to conclude 
that most commonly used ILs, including those showing apparent high cathodic 
stability, are not suitable solvents for reversible Mg electrodes. Thereby, 
ILs cannot be considered as compatible/promising electrolyte solutions for 
non-aqueous magnesium electrochemistry. 
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13.6 On solutions with a wide electrochemical 
window (>2V) in which magnesium (Mg) 
deposition is reversible 


Over the years, some group have succeeded in developing electrolyte systems 
of wider electrochemical windows, based on Mg boranes [33] or magnesium 
silicon complexes in ethers [34]. For instance, solutions of Mg(BPh,Buz,), in 
THF (Ph and Bu are pheny] and butyl groups) could provide an electrochemical 
window close to 1.8V, whereas Mg electrodes may behave reversibly in 
them [33]. There were attempts to study and develop Mg insertion materials 
[33,35] in a similar manner to that of the intensive and successful R&D 
efforts related to positive electrodes for Li batteries. 

The electrochemistry group at Bar-Ilan University was the first to develop 
rechargeable magnesium battery systems based on Mg or Mg alloy negative 
electrodes, Mg,.MogSg (0<x<2) Chevrel-phase (CP) positive electrodes, and 
electrolyte solutions comprising THF or glyme ethereal solvents and complexes 
of the Mg(AICl,_,_,.R,)2 type (R = alkyl and aryl groups) [36,37]. It was 
also possible to compose solid state, rechargeable Mg batteries comprising 
the same electrodes and gel electrolytes, based on polyvinylidene difluoride 
(PVdF) or polyethylene oxide (PEO), Mg(AICI,R>), complexes, and tetraglyme 
CH3;—(OC,H4)4—OCH; as a plasticizer [38]. The most important property 
of the electrolyte solutions is the lack of chemical reactivity between them 
and the Mg electrodes. 

Figure 13.9 compares the electrochemical behavior of several types of 
Mg-based electrolytes in THF steady state voltammograms of Pt electrodes 
in THF/EtMgCl, THF/Mg(BBu,Ph,)., THF/Mg(AICI,EtBu), (Et, Bu = 
—C,H; and —C,Ho) and THF/Mg(AICly)>. As can be seen, reversible Mg 
deposition is obtained in all four solutions. However, the use of organo-boron 
magnesium salts increases the electrochemical window by 0.6 V, compared 
with the use of Grignard reagents (1.8-1.9 vs. 1.2-1.3 V) and the use of Mg 
halo-aluminate complexes increases the electrochemical windows of these 
Mg complexes electrolyte solutions > 2.2 V. 

Figure 13.10 demonstrates the effect of the synthesis of the MgAl(Cly_ 
nRn)2 (formal stoichiometry) electrolytes on the electrochemical window of 
the solutions. The complex electrolytes are in fact products of the reaction 
between the R,Mg Lewis base and an AIR,,Cl3_,, Lewis acid. As seen in Fig. 
13.10, the anodic stability of these solutions depends mostly on the ratio 
between the Lewis base and the Lewis acid in the complex electrolyte. The 
higher the amount of the acid in the reactant mixtures, the higher is the 
anodic stability. One should note that the anodic stability depends also on 
the R groups in the order: —CH3> —C,H;> —C,4Ho. However, the effect of 
the acid/base ratio on the electrochemical window is the most pronounced. 
As will be discussed later, these differences in the anodic stability of the 
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13.9 Comparison of typical steady state voltammograms of THF 
solutions with Pt electrodes, from which magnesium can be 
reversibly deposited. Note the reversible response of Mg deposition 
and dissolution and the difference in the anodic stability of the 

four solutions. The composition of the four solutions measured is 
indicated herein (near the V curves). 


solutions are due to the different structures formed as a function of the Lewis 
acid/Lewis base ratios. It should also be noted that as the acid—base ratio is 
higher, or contains more chloride (e.g. AICI,R, vs. AICI;R), the overvoltage 
for Mg deposition is higher. The impact of the electrolyte composition on 
the morphology of Mg deposition is highly interesting. 

The Lewis acid/Lewis base ratio determines the type of Mg crystallites that 
are deposited. At low and high acid/base ratios (e.g. 0.5, 3), Mg deposition 
is a submicronic-nanonic phenomenon at a wide distribution of crystal size, 
while at moderate A/B ratios (1, and 2), Mg is deposited in micrometer-size 
crystallites. Another important factor that determines the morphology of Mg 
deposition is the current density. The higher current density, the smaller 
is the crystallite size. Thus, while at moderate current densities (1-2 mA/ 
cm”), Mg deposition is a micrometric phenomenon, while at higher current 
densities (e.g. 4 mA/cm?), Mg is deposited in nanometer-size crystallites. 

In any event, Mg deposition on bare metallic surfaces (oxide-film and 
passivation free) is not at all dendritic and is highly reversible. Figure 13.11 
shows the typical Mg deposition morphology scanning electron microscopy, 
(SEM, images) in two types of Mg—AI—CI-R complex solutions in THF. Mg 


© Woodhead Publishing Limited, 2011 


502 Corrosion of magnesium alloys 


Lewis base Lewis acid 


Evaporation Ether 
R2Mg (501) + XAIR,Clo-p > > > ? 


R = butyl, ethyl, methyl 
2.007 


X = 0.5 MgCl, + MgR* + AIR,” 


X =1 AIRsTHF + MgCl, 


’ 
, 


2X =2 AlpRaCls +MgCl* 


Anion [AIEt, | AIEtscr’ | AIEt,Cl, | AIEtCl, | AICI” 


Oxidation 
-1.00- potential, 1.7 1.9 2.2 2.5 2.6 
V vs. Mg 
-2.00 T T T T T T 1 
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
E, V vs. Mg 


13.10 The effect of the MgR,/AICI,R ratio in the complex ether (THF) 
solutions on the anodic stability of the solutions. The main species 
formed and the oxidation potentials of the various anions that can be 
formed in these solutions, are indicated herein. 


is deposited uniformly in micrometer size crystallites. The electrochemical 
dissolution of magnesium deposits on bare metallic surfaces leaves no residual 
magnesium. This behavior is due to the fact that there are no chemical 
reactions between bare magnesium and these electrolyte solutions. Hence, 
Mg deposition (although it may be affected by some adsorption processes) 
takes place (only!) under passivation-free conditions. Since the properties of 
Mg deposition processes and the electrochemical properties of the solutions 
depend so strongly on the composition of the electrolyte, we review below 
our understanding of the structure of the THF/Mg(AICl1,_,,R,,)2 solutions. 

The electrolyte solutions discussed herein, namely, the magnesium- 
chloro-organo-aluminates, are prepared as acid—base reactions in which the 
organomagnesium reagent (the Lewis base) and the organohalo aluminum 
(the Lewis acid) compounds react to form THF soluble complex salts. The 
most valuable salt, yielding solutions with good electrochemical properties, 
is prepared by reacting 1 mol of dibutyl magnesium with 2mol of ethyl 
aluminum dichloride, to yield the 1:2 product whose formal stoichiometry is 
Mg(AICI,BuEt),. In contrast to the low conductivity of the THF solutions of 
the starting materials, the solutions of the products display ionic conductivity 
in a milli-siemens/cm range. This substantiates the claim for a chemical 
reaction that produces ionic species. 
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13.11 Scanning electron microscope (SEM) images of Mg deposition 
morphology from two different THF solutions: BEC (butyl-ethyl 
complex) = MgBup, + 2AICIZEt/THF solutions, APC (all phenyl 
complex) = 2PhMgCl + AICI3/THF solutions. Particle size: BEC 
2-2.5um; APC 1um. 


For the analysis of these solutions, nuclear magnetic resonance (NMR) 
and Raman spectroscopies were found to be the most appropriate. The major 
constituents of the electrolyte solutions possess carbon, hydrogen, magnesium 
and aluminum, which have isotopes that are NMR active. 

From the °C and the 'H spectra it was clear that no bridging alkyl groups 
are present, and in the 1:2 and 1:1 complexes no organic ligands are bonded 
to magnesium core. From 7’Al NMR, it was clear that all the aluminum atoms 
in the complex are tetra-coordinated. From the "Mg NMR, it was inferred 
that magnesium is always hexa-coordinated. 

It appears that the main reactions that form the complex electrolytes for 
the magnesium battery solutions are trans-metalation, i.e. the exchange of the 
ligands between the magnesium and aluminum, as presented in Fig. 13.12. 
The detailed studies are described in Gizbar et al. [53] and Vestfried et al. 
[54]. 

This reaction scheme is also consistent with the electrochemical windows 
presented in Fig. 13.10. The anodic limit of the electrochemical window, 
namely the potential at which the solution undergoes irreversible oxidation, 


© Woodhead Publishing Limited, 2011 


504 Corrosion of magnesium alloys 


2RAICl, + R2Mg + 6THF x R2AICIy + R2AICI-THF + MgCl*-5THF 13.2 
RAICl, + RaMg + 5THF x R3Al-THF + MgClo-4THF 13.3 
RAICI, + 2R2Mg + 9THF x R,Al + MgCl*-5THF + Et,Mg-4THF 13.4 
R = methyl, ethyl or butyl group 


13.12 The reactions between MgR, Lewis acid and AICI,R Lewis acid 
in THF at different stoichiometries. 


represents the susceptibility of the solution towards oxidation. Thus, it is 
obvious that the most oxidizable species in the solution determines its 
electrochemical window. The solution species specified in Eqs 13.2-13.4 
in Fig. 13.12 contain organometallic aluminate anions and molecules, with 
an ever-increasing tendency to oxidize. R,AICI, is less prone to oxidization 
than the others, as the two electron-withdrawing chlorine ligands increase the 
actual oxidation state of the aluminum core. On the other hand, the product 
of reaction 13.4, R4AI, not only contains four o-bonded organic ligands, but 
is also negatively charged. Both these factors, increase the electron density 
around the aluminum core, weakening these bonds and increasing the number 
of the oxidizable bonds. 

We explored in depth the mechanism of Mg deposition from these solutions 
[55]. The fact that the conductivity of the solutions in which magnesium 
electrodes are reversible is only a few millisiemens per centimeter, and the 
overvoltage for magnesium deposition may not be negligible, makes the 
application of a stationary microelectrode technique for the study of the 
electrochemical behavior of magnesium electrodes very advantageous. 

From rigorous measurements of the potentiodynamics of magnesium 
deposition processes using microelectrodes and analyses of the Tafel slopes 
of the i-E curves [55] it was possible to suggest Fig. 13.13 as showing 
the basic mechanisms of the multistage process of magnesium deposition/ 
dissolution. This mechanism includes the adsorption processes of MgCl". 
This suggestion is in line with previous in situ FTIR measurements in the 
same solutions, which revealed the presence of surface (sf) species containing 
Mg-Cl bonds on magnesium electrodes [46]. 

An understanding of the Mg deposition mechanisms as reflected by 
Fig. 13.13, explains the effect of the acid/base ratio of the electrolyte in 
solution on the morphology, which is very pronounced (e.g. in solutions 
comprising the electrolyte that is the product of MgR,—-(AICI,R),, uniform, 
micrometer-size deposits with pyramidal morphology are formed). Since 
magnesium deposition is a multistep process in which adsorption also plays 
a role, the nature of the adsorbed species influences the deposition process 
due to secondary current distribution consideration. Since different acid/base 
ratios mean different active moieties (Fig. 13.12), it is clear that different 
species are adsorbed in each case. The diversity in the morphology of Mg 
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13.13 Mg deposition—-dissolution processes (on Mg): mechanisms and 
reaction pathways. 


deposition at different compositions of the electrolyte solutions results from 
the different adsorption processes in each system. 

In a further development, we explored and demonstrated solutions that 
were prepared by reactive PhMgCl and AICI; (Ph-pheny!l group, CsH5) in 
an optimized stoichiometry of 2:1 (0.1-0.5M AICI;) in THF [56]. These 
solutions have electrochemical windows > 3 V, conductivity twice as high as 
that of solutions comprising complexes with alkyl groups, and Mg deposition 
in them is fully reversible. We also demonstrated that polyethers from the 
‘glyme’ family, such as tetraglyme (CH3(0—CH,CH,—)OCHs3 can also 
serve as single solvents or co-solvents with THF for reversible Mg electrodes 
using the above-described complexes as electrolyte [52]. It is important to 
note that Mg allows a few percent of Zn and Al (e.g. AZ31 alloys) to behave 
as reversible Mg electrodes in all the above-described solutions [57]. 


13.7 On magnesium (Mg) ions insertion into 
inorganic hosts 


The main interest in Mg ion insertion into hosts (e.g. inorganic crystals, red- 
ox polymers, ceramic matrices), relates to efforts to develop rechargeable Mg 
batteries. In general, cathodes for Mg batteries could be based on Mg”* ion 
insertion (intercalation) into the crystal structure of active materials, which 
are quite similar to those used in Li batteries. Extensive work on compounds, 
including TiS, SrS5, RuO,, Co304 and VO; as positive electrode materials 
for magnesium batteries has been carried out by Novak and co-workers. 
In recent years, VO, compounds have received much attention regarding 
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rechargeable magnesium batteries. In addition to Novak’s work, there have 
been several reports by other groups on the study of vanadium oxides as a 
potential positive electrode material for magnesium batteries. Other inorganic 
hosts that were explored in recent years in connection with rechargeable 
magnesium batteries include MoO, Mg,MnO3, TiSz and MoS3. 

However, during efforts to develop rechargeable Mg batteries in recent 
years, it was realized that the selection of materials suitable for the Mg ion 
insertion presents a great challenge. In fact, in spite of the expected similarity 
between Li and Mg ion intercalation, almost all inorganic compounds, which 
prove themselves as suitable cathode materials for Li batteries, show very 
poor electrochemical performance regarding Mg ion insertion. 

According to the literature, it is clear that the main problem of Mg-ion 
insertion into the usual hosts is its slow kinetics. A very good example is 
the insertion of Li and Mg ions into nanocrystalline V,Os, as illustrated in 
Fig. 13.14 [58]. The simplest way to estimate the kinetics of ionic transport 
in the intercalation compounds is the comparison of the intercalation and 
deintercalation potentials obtained upon the electrochemical response. In the 
case of fast kinetics, these potentials should be close to each other and to 
the equilibrium potential of the insertion reaction. The slower the process, 
the bigger is the difference between the insertion/deinsertion potentials 
(discharge/charge of the battery). The voltammograms of nanocrystalline 
VO; electrodes in Li and Mg ion solutions presented in Fig. 13.14 are 
typical and significant. Li ion insertion into V,Os is fast and efficient, and 
the voltammograms of these processes reflect a very small hysteresis. In turn, 
Mg ions insertion to the same host is slow and the relevant CV, as seen in 
this figure, indeed shows a pronounced hysteresis. A relatively successful 
Mg intercalation was observed for nanocrystalline materials, thin films or 
nanotubes [59,60]. In such materials, the intercalation kinetics should be a 
priori much higher than with the micro-size materials. It is also clear that 
the reason for the slow kinetics is the divalent character of the inserted 
ions, resulting in strong interactions between the inserted divalent cations 
and the anions and the cations of the host, or high activation barriers for 
site changes in the case of inserted ions with high charge densities. As a 
result, Mg insertion was more successful in hydrates [61] because water or 
hydroxyl species can shield the strong coulombic interaction between the 
polyvalent guest species and the cation of the host. 

We discovered that Chevrel phases, MyMogT, T = S or Se, can insert 
reversibly two Mg atoms per cluster (i.e. M = Mg, 0<X<2), and hence can 
serve as cathode materials for secondary Mg batteries [33]. Figure 13.15 shows 
the basic structure of M,Mo,¢Sg Chevrel phases which comprise octahedral 
clusters of six molybdenum ions confines in cubes of eight sulfur anions. 
Between each of two clusters there are 12 sites (two rings of six sites each) 
for ions insertion, two of which (inner and outer sites) can be occupied 
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13.14 A comparison of the electrochemical Li and Mg ions insertion 
into porous V2Oz electrodes. The relevant solution compositions are 
indicated in the charts. Repeated galvanostatic experiments, voltage 
profiles are presented. 


with Mg ions. This figure also shows a typical voltage profile of Mg ions 
insertion into this material, from the complex electrolyte solutions described 
in the previous section. As indicated by the voltage profile in Fig. 13.15 (two 
consecutive plateaux), Mg ions insertion into this material occurs via two 
first order phase transition processes. Note that full capacity intercalation 
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13.15 A schematic presentation of the structure of Mg,MogSg 
Chevrel phases and the typical voltage profile of electrochemical Mg 
ions insertion/deinsertion into them in galvanostatic experiments 
with THF/Mg(AICl,BuEt), solutions at 60°C (fully reversible Mg 

ions intercalation in two consecutive phase transition processes is 
indicated). 


into Mo¢Sg required elevated temperatures while at room temperatures the 
capacity of the first insertion stage is somewhat limited and a partial charge 
(Mg ions) trapping is recorded. Thereby, the reversible capacity of Mg 
intercalation into this material at low temperatures is around 80% of the 
theoretical one (122 mAh/g, corresponding to insertion of two Mg ions per 
Mo¢Sg unit). 

The discovery of Chevrel phases as interesting hosts for reversible Mg 
ions intercalation resulted from many unsuccessful experiments of Mg 
insertion into well-known Li* ion hosts, as well as from the literature 
concerning the possibility of divalent ion intercalation in inorganic materials. 
This analysis revealed that Chevrel phases are unique materials that allow 
a relatively fast insertion of divalent cations [62] such as Zn?*, Cd?*, Ni**, 
Mn**, Co** and Fe”*. In the intercalation processes into Chevrel phases, the 
six metal Mo ions can be regarded as a single ion that can accommodate up 
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to four electrons (compared with one or two electrons for usual transition 
metal ions). Upon insertion of one Mg** ion per formula unit, the formal 
charge of an individual Mo ion in the cluster changes only by one-third of 
an electron. Moreover, in the Chevrel crystal structure, 12 vacant sites per 
formula unit are available for the inserting ions. The distances between them 
are very short (1.1-1.4 A), and thus, only two of the sites can be occupied 
simultaneously by divalent ions. Therefore, the crystal structure of Chevrel 
phases is ideal for ion mobility because of the large number of the vacant 
sites, the short distances between them and the metallic cluster that ensures 
the local electroneutrality of the intercalation compound. Hence, the high 
activity of Chevrel phases in the process of Mg ions insertion/extraction can 
be attributed to the unusual crystal structure of these materials [63]. The 
electrochemical window of Mg ion insertion into Chevrel phases matches 
the electrochemical windows of the solutions in which the Mg electrodes 
behave reversibly (described in the previous section). 

It was highly interesting to explore the effect of increasing the polarizability 
of the anionic framework of Chevrel phases on the nature of Mg7* ion 
intercalation into these compounds. Consequently, Mg”* ion insertion into 
Mog¢Seg has also been studied [64]. The replacement of sulfur by selenium 
as the anionic element in the Chevrel phase may reduce the intensity of 
attractive interactions between the intercalated Mg ions and the anionic 
framework of the host, thus reducing the diffusion barriers. 

It should be noted that the Mog¢Sg material is thermodynamically unstable 
and can be obtained only indirectly by chemical or electrochemical leaching 
of the more stable, metal-containing Chevrel phases, e.g. Cu;Mo¢Sg. which 
can be synthesized from the Cu, Mo and S elements (or the metal sulfides) 
at high temperatures in quartz tubes. In contrast, MogSeg can be synthesized 
directly from the elements. 

Figure 13.16 shows a comparison between the cyclic voltammograms (CVs) 
of Mg,Mo¢Sg and Mg,Mo¢Seg (0<x<2) measured with similar electrodes in 
similar solutions and experimental conditions [64]. The difference between 
the behavior of the two materials is spectacular. As expected, and as reflected 
by the CVs in Fig. 13.16, the kinetics of Mg ions into the selenide Chevrel 
phase is much faster than the sulfide (note also the smaller peak-potential 
differences for the selenide compound in Fig. 13.15). In addition, the capacity 
of Mg ion insertion into Mg,MogSeg in repeated cycling is very close to the 
theoretical one (i.e. 0<x<2), even at room temperature. Nevertheless, Mo,¢Sg 
is, of course, much more preferred as a cathode material for rechargeable 
Mg batteries than the MogSeg due to the higher redox potentials and the 
theoretical capacity. 

One possibility for increasing the performance of the MogSg cathode 
material namely, to make the first Mg ions insertion stage faster (reduce the 
partial charge trapping in this stage) is to reduce the size of the particles 
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13.16 Typical steady state, slow scan rate (10 V/s) CVs of Mg ion 
insertion into composite electrodes containing MogSg and MogSéz, as 
indicated. The solution was THF/0.25M Mg(AICI,BuEt),, 25°C. 


from micrometric to nanometric size. The fact that this compound does 
not react with ethers and with Mg—Al—-CI-R complexes ensures the lack 
of complications due to an increase in the surface area of the active mass. 
The easiest approach for that is milling. However, it should be noted that 
milling the precursor, Cu2Mo¢Sg, in any atmosphere, or MogSg in air, leads 
to irreversible mechanochemical reactions [65]. We demonstrated that it 
is possible to prepare nano-MO,S3:_,Se,, 1 = 1, 2, materials that serve as 
promising cathode materials for rechargeable Mg batteries [66]. It appears that 
the replacement of one or two sulfur atoms by Se increases the polarizability 
of the anionic framework of the Chevrel phases, and allows the faster kinetics 
of the problematic, first stage of Mg ion insertion into these materials. 
Another important recent discovery was the possibility of obtaining a very 
fast reaction of Mg ion insertion into CuMo,S¢g [67]. The process includes the 
displacement of Cu* by Mg”* and the reduction, which form nano-clusters 
of Cu° during the course of the process. This displacement reaction is fully 
reversible, and hence, the reversible process is: 


2Mg** + 2e7 + CuMo¢Sg = Mg MoS + Cu? 


In the search for new cathode materials for Mg batteries, we synthesized 
materials of the following compositions: M’MS,Se,, in which M, M’ = Cu, Ti, 
Fe, Ni or Cu and z, x and y assume various proportions. The compounds that 
we tested included CuS, CuFeS,, CuFe,S3, CuoSg, Cu.S, NiS, c-TinSy, 1-TinSy, 
TiSSe and NiS,Se, (solid solutions in various x/y ratios). In general, all of 
these compounds, except for P-T,S4, showed some reversible electrochemical 


© Woodhead Publishing Limited, 2011 


Non-aqueous electrochemistry of magnesium (Mg) 511 


activity in THF solutions containing complexes of the formal stoichiometry 
— Mg(AICI,BuEt),. In all cases, repeated magnesium insertion—deinsertion 
could be observed. However, the capacity gradually declines from cycle to 
cycle [52]. 

There is a continuous search by research groups throughout the world 
for new cathode materials for rechargeable Mg batteries. We can mention 
reports demonstrating the insertion of Mg ions into MoO; [68], MSiO, [69] 
and TiS, [70] hosts. 


13.8 Future trends 


Non-aqueous electrochemistry is a highly developed field. There are many 
thousands of reports on electrochemical reactions in non-aqueous systems. 
There are several families of relevant polar aprotic solvents, as well as an 
impressive arsenal of electrolytes that form ionically conductive media 
with polar aprotic solvents. These also include a wide variety of ionic 
liquids that are now available as electrochemical systems. Nevertheless, it 
seems that only ether-based solutions are really relevant for non-aqueous 
Mg electrochemistry. These solvents are sufficiently polar to form Mg ion- 
conducting solutions, and yet are not reactive with this active metal (while 
other solvent families such as esters, alkyl carbonates, nitriles and sulfones 
are reactive with magnesium). These ethers may include THF and glymes, 
e.g. RO-(CH,CH,—O)R. Even as thin films, ionic Mg compounds cannot 
conduct Mg ions, and thereby, whenever Mg electrodes become covered by 
surface films, they are electrochemically blocked. This blocking passivation 
situation for Mg electrodes also occurs in polar aprotic systems that contain 
trace water or oxygen that can react on the surface of the active metal (thus 
forming MgO or Mg(OH),). In ethers containing reducing agents such as 
RMgCl or MgR, (Grignard reagents), trace CO2, Oz or H,O react with the 
Mg compounds in solutions, and hence cannot affect the surfaces of the Mg 
electrodes. Reacting MgR, or RMgCl, which can be considered as Lewis 
bases, with Lewis acids such as AICI3_,R,, leads to trans-metallation that forms 
MgCl* (or Mg,Cl;*) cations and AICI,_,R, anions. The ether molecules are 
strongly involved in such reactions and stabilize the above ions. The ether 
solutions of these complexes may allow fully (100%) reversible Mg deposition 
processes and wide electrochemical windows up to 3 V vs. Mg. 

Another interesting topic dealt with herein is Mg ion insertion into 
inorganic hosts. While there are reports on Mg ion insertion into transition 
metal oxides (e.g. Vx05, MnO, Co30,) and sulfides (e.g. TiS>, MoS), these 
processes are very slow because of the strong interactions of the bivalent 
Mg ions with the anionic framework of these compounds, which leads to 
their very slow diffusion. Chevrel phases with the general stoichiometry of 
MogeTg (T =S, Se) are exceptions. They insert Mg ions reversibly at relatively 
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fast rates, due to their unique structure in which clusters of molybdenum 
ions that may have several oxidation states are confined in cubes of S or Se 
anions. Chevrel phases can be considered as molecular sponges that allow 
the multi-directional diffusion of ions whose cationic clusters accommodate 
well the positive charge of inserted ions via changes in the oxidation state 
of the molybdenum ions. A rigorous study of these systems may allow 
the development of other families of hosts that can insert multivalent ions 
reversibly. 

Further efforts in the field may include development of novel electrolyte 
solutions that enable reversible Mg deposition and have also a wide 
electrochemical window (i.e. high anodic stability). 

There seems to be only two main classes of solvents, relevant to reversible 
Mg electrodes: ethers and ionic liquids. In our studies we concentrated mainly 
on THF as a suitable ether solvent for Mg electrochemistry. However, some 
preliminary work showed that ether oligomers from the ‘glyme’ family 
[CH;—OCH,—CH>—),—R] are also suitable for Mg electrochemistry. Such 
solvents have a great advantage from a safety point of view due to their 
low volatility and high boiling point. Although we could not demonstrate 
reversible Mg deposition in IL-based systems, further work is needed in 
this direction. With the continuous improvement in the production and 
purification of commercially available ionic liquids from various families, 
there is a chance to find IL-based electrolyte solutions in which Mg is truly 
stable and can be deposited electrochemically reversibly. Many ionic liquids 
demonstrate very wide (may be beyond 5 V) electrochemical windows and 
hence may enable the use of high-voltage cathode materials. The development 
of new complex electrolytes for Mg electrochemistry is possible in the future; 
for instance, complexes of the (MgR>),,*(AIRCI,),, type in which R is aryl 
groups substituted by electron withdrawing groups. Such complexes may 
have extended anodic stability. 

A great challenge is development of cathodes for rechargeable Mg batteries. 
In general, there should be transition metal oxides and sulfide that may 
insert Mg ions reversibly in a similar manner as Chevrel phases do. For Mg 
electrochemistry based on ether or ionic liquid solvents, nano-materials of the 
MO, or MS, type (M = multi-valent transition metal) may be very suitable 
as inorganic host materials. Hence, there is plenty of scope for further work 
on the relevant material science. Another class of interesting materials in this 
respect is electronically conducting and redox polymers containing active 
sites such as S—S bonds. Such bonds can be reversibly reduced in the present 
of active metal ions. There are already interesting publications which deal 
with poly-RSSR materials as cathodes in rechargeable Li batteries. Similar 
materials may undergo reversible reduction in the presence of Mg ions as 
well. Highly interesting is the preparation of conducting polymers based on 
thiophen or para-phenylen as the backbone and side RSSR groups as the active 
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redox centers. Such polymers may serve as universal cathodes for both Li and 
Mg batteries. Hence, the field of non-aqueous Mg electrochemistry is open 
to more innovative work on both solutions and solid state chemistries. 
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Electrodeposition of aluminum (Al) on 
magnesium (Mg) alloy in ionic liquid 


W.-T. TSAI and I.-W. SUN, National Cheng Kung 
University, Taiwan 


Abstract: To improve the corrosion resistance of magnesium (Mg) alloys, 
surface modification is applied in an attempt to produce a corrosion resistant 
barrier. In this chapter, a new method to deposit aluminum (Al) film on an 
Mg alloy surface is demonstrated. Electrodeposition of Al on AZ91D Mg 
alloy, using an acidic aluminum chloride—1-ethyl-3-methylimidazolium 
chloride ionic liquid (AICl;-EMIC), has been shown to be feasible. The 
existence of Al coating can cause a substantial increase in corrosion 
resistance, reducing the susceptibility of Mg alloy to aqueous corrosion. 
The results of electrochemical impedance spectroscopy show that Al 
coating leads to an increase in the polarization resistance of a bare Mg alloy 
by one order of magnitude in 3.5 wt% NaCl solution. Furthermore, the 
potentiodynamic polarization results show that Al-coated Mg alloy can be 
passivated, and a wider passive region with a lower passive current density 
can be obtained if the Al is electrodeposited at a lower applied current or a 
low cathodic overpotential. The passivity of the co-deposited Al/Zn film is 
slightly inferior to that of the pure Al coating. 


Key words: magnesium alloy, ionic liquid, electrodeposition, aluminum, 
corrosion. 


14.1 Introduction 


Magnesium (Mg) and its alloys are increasingly implemented into a number 
of components where weight reduction is of great concern. However, the poor 
corrosion resistance of magnesium and its alloys has limited their applications 
in corrosive environments [1—5]. Extensive reviews on the forms of magnesium 
corrosion and the influences of composition and microstructure have been 
summarized by Song [5]. To mitigate the susceptibility to corrosion, surface 
treatment to form a protective barrier layer is always required. In general, 
the methods for surface treatment can be classified into two categories, 
dry and wet processes. A number of possible protective coating techniques 
for magnesium and its alloys have been reviewed by Gray and Luan [6]. 
Certainly, each method has its own advantages and disadvantages, regarding 
the material properties and the manufacturing processes, etc. Since the wet 
methods generally have a high yield, they have merit and potential for 
large-scale production. 
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Among the various wet processing techniques, anodization [7-10] and 
conversion coating [11-17] are most commonly applied. The coatings 
resulting from these treatments are mainly oxides or inorganic compounds. 
When electromagnetic shielding is required, metallic coating is recommended. 
Since electro- and electroless deposition are well established and have been 
applied to various substrates for surface modification, they are considered for 
metallic coating on Mg alloys. Electroless plating of Ni or its alloys such as 
Ni-P and Ni-B, employing aqueous electrolytes, has been attempted for Mg 
alloy metallization [18-24]. Electrodeposition of pure metal and/or alloys 
such as Cu, Ni, Zn, Cu-Ni, Zn—Sn and Zn—Ni on Mg alloys, using aqueous 
electrolytes, has also been investigated [20,25—28]. In order to improve the 
cohesion of the deposited layer, electroless Ni coating and/or Zn immersion 
process is always applied before electrodeposition. Nevertheless, the active 
nature of magnesium may always cause the formation of loose MgO or 
Mg(OH) on surface before electrodeposition when aqueous electrolyte is 
used. The liberation of hydrogen molecules during electrodeposition of 
metals from aqueous electrolytes may also produce pinholes in the deposits. 
To overcome these problems, non-aqueous solutions with organic solvents 
may be used. In a review article [29], Simka and her co-workers indicate that 
several metals and alloys can be electrodeposited from conventional organic 
solvents. However, to the authors’ knowledge, metal coating on magnesium 
substrate from organic baths has yet to be established. 

For combined corrosion resistance and electromagnetic shielding, Al 
coating is of interest because of the following reasons. First, being a light 
metal, an Al coating does not significantly increase the overall density of 
the material. Second, both anodization and electrolysis coloration techniques 
for Al are already well established, they can be directly applicable to the 
Al-coated Mg alloys. Third, the low electric resistivity and electromagnetic 
shielding property of the Al-coated Mg alloy can be maintained even after 
the anodization of the surface Al film. Finally, as one of the major alloying 
elements, Al coating is more chemically compatible with the substrate. 

Various methods are available for Al coating such as sputter deposition, 
vapor deposition, thermal spraying, hot dipping and electrodeposition. Among 
these methods, electrodeposition offers some advantages including easy control 
of the coating thickness through the experimental parameters, lower operating 
temperature and relatively low cost. However, Al cannot be electrodeposited 
from aqueous solution because the reduction potential of Al metal ion is 
well below that of the hydrogen evolution. Therefore, aprotic electrolytes 
such as organic solvents or molten salts must be employed for Al deposition. 
Electrodeposition of Al has been successfully performed using three classes 
of organic solvents: ethers, aromatic hydrocarbons, and dimethylsulfone 
[30-35]. Diethyl ether containing AICI, and LiAlH, was first employed in the 
NBS (National Bureau of Standards) bath [36]. Although this bath has been 
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adopted in industrial application, it possessed several drawbacks including 
low Al anode current efficiency, limited lifetime, and hydrogen evolution 
[30]. Tetrahydrofuran (THF) was used to replace the diether to improve the 
anode current efficiency and longer bath lifetime [30]. On the other hand, 
owing to its high solubility compared with AIF; and AICI, AIBr3 has been 
used as the AI(III) source in plating baths using aromatic hydrocarbons such 
as benzene, toluene, xylene and their mixtures and derivatives [31-33]. The 
electroactive species responsible for the deposition of Al is Al,Br7. Alkali, 
quaternary ammonium or pyridinium halide salts were added to improve the 
conductivities and current efficiencies of the baths. Process using aromatic 
solvents containing alkylaluminum has also been reported to be successful 
[37]. Nevertheless, alkylaluminum compounds possessed the drawbacks of 
self-ignition in air. The utility of the aromatic hydrocarbons can be, however, 
limited by their toxicity. Another organic solvent that has been studied for 
electrodeposition of Al is dimethylsulfone (DMSO) [34]. DMSO bath shows 
good conductivity, thermal stability, and ability to dissolve metallic salts. The 
complex compound responsible for Al deposition from AlCl;/LiCl/DMSO, 
bath is Al[(CH;).SO>];°*. A recent study indicates that good Al coatings 
can be obtained in a temperature range of 110—140°C [35]. 

Although Al can be successfully electrodeposited from organic solvents, 
the volatility, toxicities and flammability of the organic electrolytes create 
safety concerns. Such safety concerns can be circumvented by using inorganic 
molten salts such as mixtures of NaCl and AICI; which are non-volatile 
and non-flammable. The inorganic molten salts, however, normally require 
a high operating temperature (> 130°C) due to their high melting points. 
On the other hand, ambient temperature molten salts that are liquid below 
100 °C can be obtained by replacing the inorganic salts with organic salts. 
To distinguish them from the high-temperature inorganic molten salts, the 
ambient temperature molten salts are classified as ionic liquids. The ionic 
liquids have proven to be versatile electrolytes for electrodeposition due to their 
advantageous properties such as wide electrochemical window, low melting 
temperature, high thermal stability, non-volatility, good ionic conductivity 
and non-flammability. In this chapter, the background of low-temperature 
electroplating of Al in aluminum chloride—1-ethyl-3-methylimidazolium 
chloride ionic liquids (AICl;-EMIC) is introduced. The deposition of Al 
and co-deposition of Al and Zn on an Mg alloy, namely AZ91D from the 
AICI,-—EMIC baths are demonstrated, and the associated advantages in 
enhancing the corrosion resistance are described. 


14.2 Basics for ionic liquid plating 


Although numerous kinds of ionic liquids have been developed, as far 
as Al deposition is concerned, the most studied ionic liquids are the 
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chloroaluminates which are obtained by reaction of AICI, with a quaternary 
ammonium chloride salt (RCI) such as 1-ethyl-3-methylimidazolium chloride 
(EMIC) [38,39], 1-butyl-3-methylimidazolium chloride (BMIC) [40-42], 
trimethylphenylammonium chloride (TMPAC) [43,44] and benzyltrimethy] 
ammonium chloride (BTMAC) [45]. The fundamental studies reported by 
Osteryoung an co-workers [46,47], Lai and Skyllas-Kazacos [48] and Hussey 
and co-workers [49], have classified the chloroaluminates into Lewis basic, 
neutral and acidic depending on the relative mole fraction of the organic 
salt (Xp) and AICI; (X,q)). In the Lewis basic (X,) < 0.5) and the neutral 
(Xa, = 0.5) melts the major aluminum species is AlClz in which AI(III) is 
fully coordinated by Cl ions, rendering the reduction potential of Al(IID/ 
Al couple more negative than the cathodic electrochemical window of the 
melts and thus, metallic Al cannot be electrodeposited from the basic melts. 
On the other hand, in the Lewis acidic melts (0.5 < X,) < 0.67), the major 
aluminum species is Al,Cl> of which the number of Cl” ions coordinated 
with AI(II) is less than that of AIClz, making the reduction of AI(IID/AI 
shift toward much positive potential so that the electrodeposition of Al metal 
is possible according to the equation: 


4AL,Cl; + 3e° x Al + 7AICL 14.1 


The deposition process normally involves with either instantaneous or 
progressive three-dimensional nucleation with hemispherical diffusion- 
controlled growth depending on the substrate. The morphology of the Al 
deposit is affected, in addition to the deposition potential or current, by the 
type of cation forming the ionic liquid. For example, compact, shining and 
adherent Al films have been successfully electrodeposited from EMI-AICl, 
[38] but the Al obtained from TMPAC-—AICI, is fairly coarse [43]. Reviews 
on the electrodeposition of Al and alloys from chloroaluminates are available 
[50,51]. 

Recently nanocrystalline Al has been electrodeposited from air- and water- 
stable ionic liquids based on the bis(trifluoromethylsulfonyl)amide (Tf2N) 
anion with cations such as N-butyl-N-methyl pyrrolidinum (BMP-Tf,N) 
[38,52-54] and trihexyl-tetradecyl phosphonium (Pj46666-Tf2N) [52] 
saturated with AICI;. The cation of the ionic liquid influences profoundly the 
chemical and electrochemical behavior; biphasic behavior was observed for 
the EMI-Tf,N and BMP-Tf,N ionic liquids upon addition of AICI, within 
certain concentration ranges at temperature < 80°C, and Al films could be 
deposited from the upper phase. Shining, dense, and adherent nanocrystalline 
Al were deposited from AICI3-saturated BMP-Tf,N, but coarse cubic-shaped 
Al particles were obtained from the AICl3-saturated EMI-Tf,N ionic liquid. 
The Pj46.6.66-If2N ionic liquid does not show biphasic behavior upon 
addition of AlCl;. However, Al could only be electrodeposited from this 
ionic liquid—AICl; mixture containing more than 4M of AICI, after being 
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heated to 150°C. More recently, a preliminary study shows that Al can also 
be electrodeposited from an N-butyl-N-methyl pyrrolidinum dicyanamide 
(BMP-DCA) ionic liquid containing AICI, [55]. It is noteworthy that in all 
these processes, the highly water and air-sensitive AICI, is used exclusively 
as the AI(IID) source, and thus, the experiments need to be performed in an 
glove box filled with inert gas such as Ar and N>. Some typical ionic liquids 
employed for electrodeposition of Al are summarized in Table 14.1. 

Although the deposition of Al from ionic liquids has been intensively 
studied, corrosion behavior of the as-deposited Al films has not yet been fully 
explored. Recently, we have initiated a study on the deposition of Al and 
Al-Zn on Mg alloy, AZ91D, and demonstrated that the corrosion behavior 
of Al-coated AZ91D is greatly improved [56-59]. The results from these 
studies are described in the following section. 


14.3. Electrochemical characteristics of AICI;-EMIC 
ionic liquids 

Figure 14.1 shows the cyclic voltammogram of a tungsten electrode performed 
in room temperature AICI,-EMIC with a molar ratio of 60:40 ionic liquid. 
For brevity, the AICI,EMIC mixture, consisting of a 60% molar fraction 
of AICI, is denoted as 60 m/o ionic liquid. Similarly, the ionic liquids with 
AICI,-EMIC molar ratios of 50:50, 53:47 and 57:43 are denoted in this 
chapter as 50 m/o, 53 m/o and 57 m/o ionic liquid, respectively. As the 
potential is scanned from the open-circuit potential (approximately 0.9 V) 
towards the negative direction, the only cathodic reaction takes place around 
—0.2 V, corresponding to the reduction of AlCl; precursor in the ionic liquid 
to form Al, according to reaction (14.1) specified above [49,60—63]. On 
reverse scanning, the sharp anodic peak corresponds to Al dissolution. Further 
scanning to the more positive potential, the oxidation of AlCl4 according to 
the following reaction occurs at 2.6 V: 


4AIClz © 2AI,Clz + Cl, + 2e7 14.2 
By decreasing the concentration of AICI, to 53 m/o, the cathodic peak 


Table 14.1 Examples of ionic liquids containing Al,Cl7 anion 
for electrodeposition of aluminum 


lonic liquid References 

EMI* Al,Cl> 38, 39, 46-49, 56-59 
BMI* Al,Clz 40-42 

TMPA?* Al,Clz 43, 44 
BMP*Tf,N/AICI3 (saturated) 38, 52-54 

Pia666,6° I f2N/AICI3 (saturated) 52 
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14.1 Cyclic voltammogram of a tungsten electrode in the 60 m/o 
AICI3-EMIC ionic liquid, room temperature, potential scan rate: 
50mV/s. 


can still be observed but with a decreasing intensity. At 50 m/o AICI, 
the absence of the cathodic peak indicates that Al cannot be deposited at 
such composition. It is also noted that the Al deposition potential shifts to 
a more positive value with increasing AICI, molar fraction, indicating a 
thermodynamic favor of Al deposition. 

Co-deposition of Al and Zn is also feasible. Figure 14.2 shows the cyclic 
voltammograms of a glassy carbon electrode obtained at room temperature 
in the 60 m/o ionic liquid with 1 wt% ZnCl, addition. Curve a in Fig. 14.2 
displays the cyclic voltammogram obtained in 60 m/o AICI,-EMIC without 
ZnCl, addition, in the potential range of —0.5 to 2.5 V, consistent with that 
shown in Fig. 14.1. 

Curve b in Fig. 14.2 depicts the cyclic voltammogram obtained at 
potentials ranging from 0 ~ +1.5 V. The cathodic scan shows that an abrupt 
increase in current density occurs at about +0.19 V, indicating the reduction 
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14.2 Cyclic voltammograms on a glassy carbon electrode at room 
temperature and at a scan rate of 50 mV/s: curve a: 60 m/o AICI3— 
EMIC (scan rage: -0.5 ~ +2.5V); curve b: 1 wt% ZnCl, + 60 m/o AICl3— 
EMIC (scan range: 0 ~ +1.5V), and curve c: 1 wt% ZnCl, + 60 m/o 
AICI3-EMIC (scan rage: -0.5 ~ +2.5V). 


of Zn. The intercept of the reverse scan at zero current density is found at 
+0.24V, above which Zn cannot be reduced. The peak in the anodic scan 
is associated with the dissolution of Zn. The cyclic voltammogram for an 
enlarged potential scan range of —0.5 to +2.5 V is shown as curve c in Fig. 
14.2. Two cathodic peaks are observed showing the sequential reduction of 
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Zn and Al. The initial potential for Zn reduction, as indicated in curve c is 
+0.19 V, identical to that revealed in curve b. The second peak at the more 
negative potential, where the current density begins to rise again, corresponds 
to Al reduction. The results shown in Fig. 14.2 suggest that co-deposition 
of Zn and Al can occur at potentials below —0.08 V. The two anodic 
peaks at a, and a) represent the sequential anodic reactions for Al and Zn 
respectively. 


14.4 Material characteristics 


Electrodeposition of Al, either under constant potential or constant current 
density condition, greatly depends on the acidity or chemical composition 
of the ionic liquid employed. In the AICI,-EMIC ionic liquid with 50 m/o 
of AICI,, electrodeposition of Al is hindered. As the concentration of AICI, 
increases above 53 m/o, Al coating can take place. The surface morphologies 
of the uncoated and Al-coated AZ91D Mg alloy, observed under a scanning 
electron microscope (SEM), are demonstrated in Fig. 14.3. Figure 14.3(a) 
shows a micrograph of the bare AZ91D Mg alloy, demonstrating its dual-phase 
microstructure. Figure 14.3 (b)—(d) display the Al-coated sample deposited at 
—0.2 V (vs. Al) in the 53 m/o, 57 m/o and 60 m/o ionic liquids; respectively. It 


14.3 SEM top-view micrographs of (a) the bare AZ91D Mg alloy; (b), 
(c) and (d) the Al-coated Mg samples deposited at —0.2 V (vs. Al) in 
the 53 m/o, 57 m/o and 60 m/o ionic liquids, respectively. 
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is found that the entire surface of the Mg alloy, regardless of a or B-phase, is 
covered by a layer of Al with granular appearance. The properties of deposited 
film are greatly affected by the deposition condition. Figure 14.4 shows the 
effect of deposition potential on the surface morphology and cross-section 
micrograph of the Al-coated AZ91D Mg alloy. Figure 14.4(a) gives the SEM 
micrograph revealing a fine and uniform granular surface morphology of Al 
film formed at —0.2 V. At a more negative potential, namely —0.4 V, the Al 
film exhibits a coarse and non-uniform surface feature with crevices existing 
in the film (Fig. 14.4(b)). The corresponding cross-section SEM micrographs 
of the Al-coated AZ91D Mg alloy are displayed in Fig. 14.4(c) and (d). The 
energy dispersive spectroscopy (EDS) line scans showing in each figure 
confirm the formation of Al film on the Mg alloy surface. The thickness of 
Al film formed at —0.2 V is rather uniform as compared with that formed at 
—0.4V. More defects, such as voids and crevices etc., are found in the film 
electrodeposited at a more negative potential. The quality of the Al film 
also depends on the deposition current density. As reported elsewhere [57], 
a porous and less compact Al film is observed if it is electrodeposited from 
an ionic liquid at a higher current density. 


14.4 SEM surface micrographs of Al-coated AZ91D Mg alloy, 
electrodeposited at (a) -0.2V (vs. Al) and (b) -0.4V; and the cross- 
section images and energy dispersive spectroscopy (EDS) line scans 
of the Al film formed at (c) -0.2V and (d) -0.4V. 
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The deposition of Al from various AICl,;—-EMIC ionic liquids on the Mg 
alloy surface is confirmed by EDS and X-ray diffraction analysis (XRD). 
The EDS result for each of the above Al-coated AZ91D Mg alloy only 
reveals the spectrum for Al element. The absence of the alloying elements 
of the substrates indicates that the coated layer can be quite thick. Figure 
14.5 compares the XRD patterns of the Mg substrate (curve a) with those 
electroplated in the ionic liquid containing 53 m/o (curve b), 57 m/o (curve 
c) and 60 m/o (curve d) AICI. The characteristic peaks for metallic Al are 
clearly displayed in curves ec and d in this figure. Similar results have been 
reported elsewhere [56]. 

Co-deposition of Al and Zn can be obtained by electrodeposition from 
AIC1,;—-EMIC ionic liquids containing ZnCl,. Figure 14.6(a) demonstrates 
the SEM micrograph showing the surface morphology of the AZ91D alloy 
after electrodeposition in 1 wt% ZnCl, + 60 m/o AICI;—-EMIC ionic liquid 
at —0.2 V. The corresponding cross-section SEM micrograph shown in Fig. 
14.6(b) indicates that the deposit is uniform in thickness. EDS results show 
that the distributions of Al, Zn and Mg across the whole thickness are 
displayed in Fig. 14.6(c). As shown in this figure, co-deposition of Al and 
Zn with uniform chemical composition can be obtained by electrodeposition 
in the above ionic liquid at an appropriate controlled potential. The surface 
roughness and the uniformity of chemical composition of the electrodeposited 
film are affected by the deposition potential as reported elsewhere [59]. 


14.5 Electrochemical and corrosion resistance of 
aluminum (Al) and aluminum /zinc (AlI/Zn)- 
coated magnesium (Mg) alloys 


The corrosion resistance of various Al- and Al/Zn-coated AZ91D Mg 
alloys has been evaluated by salt spray and electrochemical methods. 
In the following, the results from salt spray test, polarization curve and 
electrochemical impedance measurements manifesting the beneficial effects 
of Al and/or Al—Zn coating on AZ91D Mg alloy are demonstrated. 


14.5.1 Salt spray test 


The salt spray test was performed in accordance with the specification of the 
American Society of Testing and Materials B117. For the as-polished AZ91D 
Mg alloy, the digital micrograph showing the shiny surface appearance is 
depicted in Fig. 14.7(a). After exposing in the salt spray chamber for 1h, fast 
corrosion occurs on the bare Mg alloy surface causing the loss of metallic 
luster, as can be seen in Fig. 14.7(b). The digital micrograph of the Al as- 
coated AZ91D Mg alloy is demonstrated in Fig. 14.7(c). After 8h salt spray 
test, the Al-coated Mg sample maintains its integrity and silver-gray surface 
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14.5 X-ray diffraction patterns of the various samples. Curve a 
presents the bare AZ91D Mg alloy. Curves b, c and d present the Al- 
coated Mg samples deposited in the ionic liquids containing 53, 57 
and 60 m/o AICl3, respectively. 
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14.6 (a) SEM micrograph, (b) cross-section image and (c) EDS line 
scans for the deposit formed in 1 wt% ZnClz + 60 m/o AICI3-EMIC 


ionic liquid at —0.2V. 


appearance as revealed in Fig. 14.7(d). The improved corrosion resistance 
by Al coating is clearly demonstrated. More detailed results can be found 


in a previous investigation [57]. 
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14.7 Digital micrographs of AZ91D Mg alloy (a) as-polished, (b) after 
salt spray for 1h; and Al-coated AZ91D Mg alloy (c) as-coated, (d) 
after salt spray for 8h. 
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14.5.2 Polarization behavior 


The polarization behavior of the bare and Al-coated AZ91D Mg alloy has 
been compared in 3.5 wt% NaCl solution, as can be seen in Fig. 14.8. As 
illustrated in curve a of this figure, the anodic curve of the bare Mg alloy 
exhibits an active dissolution behavior. The passive region can hardly be 


| 
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14.8 Potentiodynamic polarization curves of the bare Mg alloy (curve 
a) and the Al-coated Mg samples deposited in the 53 m/o (curve b) 
and 60 m/o (curve c) ionic liquids, respectively. 
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seen. The plateau region at very high current density corresponds to the 
limiting current density. For the Mg alloy with Al electrodeposited at -0.2 V 
either from the 53 m/o or the 60 m/o ionic liquid, a wide passive region with 
sufficient low passive current density is observed as demonstrated in curves 
b and c in Fig. 14.8. The passivity obtained for the Al-coated Mg alloy is 
attributed to the formation of aluminum oxide or hydroxide on the surface 
of Al film, which can consequently provide adequate corrosion protection 
of the Mg alloy substrate. As shown in Fig. 14.8, curve b has a high passive 
current density than that of curve c. The difference is attributed to the more 
protective film formed in 60 m/o ionic liquid as compared with that formed 
in 53 m/o ionic liquid. The passivity of Al-coated Mg alloy can vary if Al 
film formed in ionic liquid is electrodeposited at different conditions. It has 
been found that a wider passive region with a lower passive current density 
can be obtained if the Al is electrodeposited at a lower applied current [57] 
or a low cathodic overpotential [56]. Under such conditions, the deposition 
rate is slow, leading to the formation of a more protective film with low 
defect concentration as manifested in Fig. 14.4. 

The potentiodynamic polarization curve of an Al/Zn-coated AZ91D Mg 
alloy in 3.5 wt% NaCl solution is demonstrated in Fig. 14.9, in comparison 
with those of the bare and the Al-coated Mg alloys. The Al/Zn coating was 
formed under the same condition as shown in Fig. 14.6. The results show 
that Al/Zn film can also be passivated in 3.5 wt% NaCl solution. However, 
the passive region becomes narrower and the passive current density is 
lower. The presence of Zn in the coating causes a slightly deterioration of 
the passivity as compared with that of a pure Al film. 


14.5.3 Electrochemical impedance spectroscopy (EIS) 


The Electrochemical impedance spectroscopy (EIS) results for the Mg 
alloy without and with surface Al coated from the 53 m/o and the 60 m/o 
ionic liquid, respectively, are depicted in Fig. 14.10. For bare Mg alloy, the 
polarization resistance was about 470 Qcm/”. A substantial increase in the 
polarization resistance, as evidenced by an enlarged diameter of the semicircle 
of the Nyquist plot, can be obtained for Mg alloy if it is electroplated with 
Al. For those with surface Al electrodeposited at —0.2 V from the 53 m/o 
and the 60 m/o ionic liquid, the polarization resistance in 3.5 wt% NaCl 
solution are 3000 and 5200 Qcm?, respectively. The results were consistent 
with those revealed in the polarization curves demonstrated in Fig. 14.8. 
The improved polarization resistance of AZ91D Mg alloy with Al coating 
from ionic liquid is clearly demonstrated. However, the passivity or the 
polarization resistance of the Al-coated Mg alloy depends on the deposition 
conditions. The Al film formed in more acidic AlICl;-EMIC and at a lower 
deposition rate renders a better passivation behavior. 
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14.9 Comparison of the potentiodynamic polarization curves 
measured in 3.5 wt% NaCl solution: curve a, AZ91D alloy; curve b, 
Al deposit formed in AICI3;-EMIC at -0.2V (vs. Al); curve c, Al-Zn co- 
deposited at -0.2V (vs. Al) in AICI,-EMIC + 1 wt% ZnCl». 


14.66 Summary 


The AICI,-EMIC ionic liquid with proper chemical composition can be 
used as a successful electrolyte for Al electrodeposition on Mg alloy. Above 
the critical chemical composition, the deposition efficiency increases with 
increasing acidity of the ionic liquid. With the presence of Zn(||) ion in 
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14.10 Nyquist plots of the bare Mg alloy (curve a) and the Al-coated 
Mg samples deposited in the 53 m/o (curve b) and 60 m/o (curve c) 
ionic liquids, respectively. 


the AICI,-EMIC ionic liquid, co-deposition of Al and Zn on the Mg alloy 
can be achieved. The formation of a barrier Al and/or Al/Zn surface film 
can provide adequate corrosion resistance of the Mg alloy substrate. In 3.5 
wt% NaCl solution, Al coating can cause an increase in the polarization 
resistance of AZ91D Mg alloy from 470 to 5200 Qcm’, about one order of 
magnitude higher. The potentiodynamic polarization curves show that the 
passivity of the Al-coated Mg alloy depends on the deposition condition. A 
wider passive region with a lower passive current density can be obtained 
if the Al is electrodeposited at a lower applied current or a low cathodic 
overpotential. The passivity of the Al-coated Mg alloy is slightly degraded 
with the co-existence with Zn. 

In conclusion, the electrodeposition of Al on AZ91D from the EMI-— 
AICI; ionic liquid is feasible. Since the deposition is performed at ambient 
temperature, the thermal stress in the substrate can be avoided. Without 
the presence of water, the oxidation of Mg and the formation of hydrogen 
pinhole during electrodeposition can be prevented. With these advantages, 
the formation of a more compact and adherent Al and/or Al-Zn coating on 
Mg alloy surface can be achieved. Recently, electroless plating of Al on glass 
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substrate in EMI—AICI; ionic liquid has been reported [64,65]. Furthermore, 
it has been demonstrated that corrosion protective Mg—Al intermetallic 
surface layer can be formed on AZ91D by immersing the AZ91D specimens 
in a NaCl-AICl, molten salt at 300°C for 7h [66]. Taken together, the 
electrodeposition combining with electroless plating and conversion coating 
may provide directions for developing corrosion protective Al and alloy 
coatings on Mg alloys using ionic liquids. 
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coatings 
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Abstract: Magnesium and its alloys have excellent physical and mechanical 
properties for a number of applications. In particular magnesium’s high 
strength/weight ratio makes it an ideal metal for automotive and aerospace 
applications, where weight reduction is of significant concern. Unfortunately, 
magnesium and its alloys are highly susceptible to corrosion, which has 
limited their use in the automotive and aerospace industries, where exposure 
to harsh service conditions is unavoidable. The simplest way to mitigate 
corrosion is to coat the magnesium-based substrate to prevent its direct 
contact with the environment. This chapter discusses the state-of-the-art of 
two important coating processes for magnesium protection that are usually 
applied consecutively for vehicular bodies in the automotive industry: 
conversion coating and electrophoretic coating (E-coating). 


Key words: conversion coating, E-coating, surface treatment, Mg alloys, 
corrosion. 


15.1 Introduction 


One of the main challenges in the use of magnesium (Mg) alloys, particularly 
for outdoor applications, is their poor corrosion resistance. Magnesium and 
its alloys are extremely susceptible to galvanic corrosion, which can cause 
severe localized damage in the metal resulting in decreased mechanical 
stability and an unattractive appearance. The mechanism of corrosion that 
occurs on the surface of magnesium and its alloys is shown in Fig. 15.1. 

The electrochemical reactions that occur on the surface of magnesium 
and its alloys are described below. 


Anodic reaction causes the dissolution of Mg metal: 


Mg @ Mg?" + 2e7 15.1 

and/or 
Mg(s) + 2(:0H) @ Mg(OH),(s) + 2e7 15:2 
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Anodic reaction Cathodic reaction 
Mg @ Mg?* + 2e7 2H,O + 2e° @ 2(OH)” + 2H2(g) 
and/or and/or 
Mg(s) + 2(0H)” @ Mg(OH)a(s) + 2e7 2H* + 2e° @ Ho(g) 


preehiententes nee! 
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15.1 Corrosion processes occurring on an Mg alloy surface. 


Cathodic reaction generates H, gas: 

2H*t+ 2e © H,(g) 15.3 
and/or 

2H,0 +2e° © H»(g) + 2(0H)- 15.4 
The overall corrosion reaction can be described as: 

Mg(s) + 2H,0 © Mg(OH),(s) + H2(g) 15.5 


Mg and its alloys spontaneously form a hydroxide layer in aqueous solutions 
or humid air. This layer is stable under alkaline conditions but unstable 
in acidic or neutral solutions, particularly in the presence of a very small 
concentration of aggressive ions, under which conditions there is dissolution 
of the Mg(OH), film and corrosion develops at a high rate [1]. 

Surface coatings are used to protect the surface of magnesium and its alloys 
to prevent their direct contact with air and moisture so that the electrochemical 
corrosion reactions described above will not occur or occur at a very low rate. 
Most of the time, even blocking the cathodic reaction sites can significantly 
reduce the corrosion rate. Chemical and electrochemical methods such as 
chrome pickling and chrome-free treatments, anodic treatments and cathodic 
treatments are widely used to grow surface protective coatings for Mg alloys 
to protect their surfaces. Other coating processes such as sol-gel [2-5], silane 
treatments [6,7] and plasma vapor deposition [8] were also used to treat the 
surface of magnesium and its alloys to improve their corrosion resistance. 
In this chapter, special emphasis is made to review two important coating 
processes: conversion coating and electrophoretic coating. 
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15.2 Conversion coating for magnesium (Mg) and its 
alloys 


Conversion coating solutions chemically react with the metal surface to 
create a physical surface that allows for better corrosion resistance and paint 
adhesion. Hexavalent chromium compounds used to be used for producing 
chemical conversion coatings to protect Mg alloy; however, they have been 
shown to be highly toxic carcinogens. New environmental regulations have 
resulted in considerable research activities in developing environmentally 
acceptable alternative chemical conversion coatings for magnesium and its 
alloys. Among all the chemical conversion processes patented for magnesium 
and its alloys, phosphate and phosphate—permanganate-related conversion 
processes are the most numerous, following by conversion coatings based on 
compounds of V, Zr, Mo, W, Ti and Co. Rare earth and organic polymer- 
based conversion coatings have also received significant attention. Based on 
the number of patents by country of origin, Japan, the USA and China are 
the top three most active countries conducting chemical conversion research 
and development (R&D) for magnesium and its alloys. This chapter intends 
to summarize these non-chromium chemical conversion processes that have 
been developed or currently are under development worldwide. 


15.2.1 State-of-the-art of chemical conversion processes 


A typical conversion process includes many steps such as degreasing, water 
rinsing, alkaline cleaning, acid picking, conversion treatment, post-treatment 
in organic chelating agents and heat drying as shown in Fig. 15.2. In this 
section, those steps will be described, reviewed and discussed. 


Sample pre-treatment 


As-cast Mg alloy parts first go through machining, deburring and grinding 
treatments, and are subsequently degreased. An organic solvent such as 
trichloroethylene, ethanol, methanol, isopropyl alcohol, and acetone or an 
alkali solution such as alkali hydroxide, carbonate, phosphate and silicate 
was typically used for degreasing Mg alloy parts to release oil, soap, abrasive 
and sand. Normally the degreasing treatment using an alkali solution is more 
preferred for Mg alloys. 

Acid pickling and alkaline cleaning are the two important pre-treatment steps 
following degreasing. An acid etching process is to remove the segregation 
layer which consists of aluminum, zinc and manganese on the surface of 
an Mg alloy as well as residual grease agents. Nitric acid, phosphoric acid, 
sulfuric acid, hydrofluoric acid and hydrochloric acid are the common 
acids used. Alkali solution cleaning removes smut generated by the acid 
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Mg and its alloys 
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Machining, deburring, grinding, etc. |—*]| Organic solvent degreasing 
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Conversion treatment | <«— | Water rinsing 
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Water rinsing Acid pickling/activation | ¢ | Water rinsing 
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Deionized water rinsing |—»| Heat drying 


\ | 
Finished parts 


Alkaline consolidating 
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15.2 A typical conversion process. 


etching process. Alkali and alkaline earth hydroxides, silicate, carbonate 
and phosphate are commonly used alkali solutions; however, hydroxides are 
preferred. Sometimes, chelating agents are added into the alkali solutions to 
improve the efficiency of removing surface contaminations of Mg alloys. The 
chelating agents are chosen from aminocarboxylic acid type, dithiocarbamic 
acid type, organic-phosphonic acid type and hydroxycarboxylic acid type 
chelating agents. Surface treatment in KOH was found to improve corrosion 
resistance of ceria conversion coatings on AZ91D [9]. Surface treatment prior 
to ceria treatments plays an important role in inhibiting the active surface 
sites, rejecting the chloride ions from the surface, and forming uniformly 
distributed oxide film. Acid pickling can also significantly improve the Cr- 
free conversion coatings. Acid pickling with HCI was found to improve the 
homogeneity, adherence and thickness of the cerium conversion coatings 
for Mg, AZ91 and AMS0 as reported by Brunelli et al. [10]. 


Conversion process 


Chemical conversion solutions could consist of either only a few simple main 
ingredients or many chemical compounds with complete recipe. Besides the 
main chemical compound such as H,CrO, for the chromate coating, a typical 
conversion solution contains oxidants, promoters, corrosion inhibitors, wetting 
agents and pH buffer regulators. The important roles of those additives are 
described in the following: 


e Oxidants (e.g. nitrate and perchlorate) help to speed up the cathodic 
reaction (equations 15.3 and 15.4). They consume a lot of H*, raise the 
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OH concentration and speed up the dissolution of magnesium and the 
formation of conversion film. 

e Promoters (e.g. zirconium and vanadic salts) precipitate firstly on 
the surface of Mg alloys to form seeding nuclei for the deposition of 
conversion layer. 

e Corrosion inhibitors (e.g. pyridine, thiourea, and phytic acid) adsorbed 
on the surface of Mg alloys to slow down the dissolution of Mg”*. They 
also form complexes with Mg”* to stabilize the solution and control the 
conversion layer formation rate. 

e Wetting agents (e.g. sodium dodecyl benzene sulfonate) reduce the 
surface tension of Mg alloys and make the precipitation of conversion 
layer easier. They also improve the adhesion of the conversion layer. 

e pH buffer regulators control the pH of solutions which affects the speed 
of conversion layer formation as well as the quality of conversion layer. 
High pH speeds up the deposition of conversion layer but causes the 
poor adhesion and softness of the conversion layer. 


Based on their main ingredient, chemical conversion processes currently 
used for magnesium and its alloys can be classified as the following: 


chromate conversion coatings; 
stannate conversion coatings; 
rare earth (e.g. cerium, lanthanum and praseodymium) oxide conversion 
coatings; 

e phosphate, phosphate—permanganate and fluoride-related conversion 
coatings; 

e conversion coatings based on compounds of V, Zr, Mo, W, Ti, Co. 


A detailed literature review for each of the above conversion coatings is 
given in the following paragraphs. Other less studied conversion coatings 
such as organic-based [11] coatings will not be included in the review since 
this chapter focuses on inorganic conversion coating. 


Chromate conversion coatings 


Chromate conversion solution consists of chromic acid H,CrO, or H,Cr,0,, 
chromate salts and certain activator ions such as sulfates, chlorides, fluorides, 
phosphates and complex cyanides with pH around 1~2. As the solutions for 
chromate conversion treatment are acidic which cause the dissolution of 
Mg into the solutions as Mg”*, there is a local rise in pH in the immediate 
vicinity of the metal—solution interface. Mg** ions combine with chromate 
ions to form a compound that is insoluble at the locally higher pH region. 
This compound precipitates on the metal surface as an adherent coating. 
Chromate conversion treatment is a very fast process (30-60s) and can 
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operate at room temperature [12]. Cr-conversion coatings have self-healing 
and inhibiting effect, which Cr-free coatings do not have with the exceptions 
of V and Mo oxide coatings [12]. Commercially available chromate conversion 
solutions such as DOW (developed by the DOW Chemical Co.) and JIS 
(H8651) have been widely applied to improve the corrosion resistance of 
Mg alloys [13-15]. Chromate conversion treatment is the most mature and 
reliable process that provides excellent corrosion protection for many metals 
and alloys including Mg and its alloys. New environmental regulations, 
however, have limited its applications, even though there are still efforts in 
developing low chromic content conversion solutions to treat Mg alloys to 
minimize the environmental impact. 


Rare earth (cerium) conversion coating 


Cerium conversion solution typically consists of cerium salt such as CeCl3, 
Ce(NO3)3, CePO4, Ce(SO4)2, Ce2(SO4)3 or Ce(NH4)2(NO3)6, and sometimes 
with additives of other salts such as La(NO3)3 and Pr(NO3)3 [16], ZrO(NO3)3 
and Nb,O,F, [17] and Al(NO3)3 and Ca(OH), [18]. Wetting agents, buffer 
pH adjustors, corrosion inhibitors, activators and oxidants are always added 
into the conversion solutions too. When magnesium and its alloys are 
immersed in the cerium conversion solution and dissolved, the local pH at 
the metal—solution interface increases resulting from the reduction of proton 
or dissolved O, in the solution by the reaction: 


O, (aq.) + 2H,O + 4e° © 40H (aq.) 


which enables precipitation of Ce(OH)3 and Ce(OH), coatings. Finally, 
Ce(OH)3 and Ce(OH), are precipitated as insoluble Ce.O3 and CeO>. On AZ63 
alloy [19], it was found that cerium-based conversion process improves the 
corrosion resistance in chloride media, however, the structure of the cerium- 
based conversion layer is not homogeneous and contains large agglomerates 
with dry-mud morphology. Magnesium—cerium mixed oxides were detected 
above the surface of cathodic intermetallic particles which contain Al, Mn 
and Zn since these particles favor hydrogen evolution or oxygen reduction 
to OH, inducing a local pH rise, which in turn enables the precipitation of 
hydrated cerium oxide over these intermetallics. The thickness of the cerium 
conversion coating rapidly grows during the first 30 s to about ~0.16 1m, then 
the thickness remains relatively constant. Too many repeated immersions 
reduce the corrosion resistance of the conversion layer probably because of 
a partial dissolution of the conversion layer. Mg alloy, WE43, when treated 
in cerium solution containing La and Pr, has led to a significant increase in 
the corrosion resistance when tested in a pH 8.5 buffer solution as reported 
by Rudd et al. [16]. Mixed Ce—Zr—Nb conversion coatings which consist 
of CeO, Ce,03, ZrO., Nb»O;, MgO and MgF, exhibited greater corrosion 
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potential than pure Ce conversion coating as reported by Ardelean et al. 
[17], while addition of Al(NO3)3 and Ca(OH), to the cerium-based solution, 
as reported by Salman ef al. [18], actually enhanced the surface properties 
(smooth and no-cracking) and corrosion resistance. The addition of trace 
amount of other metallic elements was also found to significantly increase 
the corrosion resistance of cerium conversion coatings. 

Anions of cerium salts were also found to be an important factor that 
affects the formation and corrosion protection of cerium conversion layer 
[19]. Conversion treatment of AZ31 Mg alloy in solutions of different salts 
of trivalent cerium — cerium nitrate, cerium chloride, cerium sulphate and 
cerium phosphate — leads to formation of different layer thickness in the same 
immersion time: thicker film was formed in the CeCl; bath while thinner 
film in the CePO, bath. At short treatment time, conversion layer formed 
in CeCl; solutions is richer in Ce(IV) when compared to those formed in 
CePO, and Ce,(SO,)3 solutions, but at longer treatment times (1 hour) the 
composition becomes nearly identical, with Ce(IV) oxides predominately 
existing over hydroxides in all the conversion films. The conversion layer 
formed in CePO, and Ce (SOx4)3 revealed a higher content of magnesium in 
the surface layer. Addition of other anions, such as COZ", can also improve 
the corrosion resistance of cerium coatings. For example, addition of Na,CO; 
into cerium conversion solution (i.e. 0.05 M Ce(NO;)3 + 25 mL « L"' H,0,) 
formed Mg—Ce hydrotalcite film (i.e. Mg¢Ce2(CO3)(OH) ;6°4H,O) on Mg— 
Gd-Y-Zr magnesium alloy surface that showed better corrosion resistance 
than pure cerium conversion film. The better corrosion resistance in chloride 
solution is attributed to the high affinity of carbonate preventing attack by 
Cl [20]. 

Sometimes addition of a strong oxidant such as hydrogen peroxide HO, can 
accelerate the conversion process, resulting in rapid deposition of conversion 
coatings onto the surfaces of magnesium alloys (particularly copper-containing 
alloys) since HO, can be easily reduced on the magnesium alloy surface to 
create alkaline environment for Ce(OH), or CeO, to precipitate. Although 
an excess of hydrogen peroxide concentration can increase the amount of 
Ce(IV) species included in the conversion layer, too much H,O, decreases 
the corrosion resistance of the conversion layer as reported by Dabala et al. 


[19] 


Stannate conversion coating 


Stannate conversion solution typically consists of KzSnO4, NaOH, C,H3NaO, 
and Na,P,O, with alkaline pH such as pH=11.6 and processing temperature 
at around 80°C [20,21]. Stannate coatings on Mg and its alloys are formed 
by initial dissolution of substrate Mg followed by deposition of coatings 
after concentrations of Mg”* and stannate ions reach critical concentrations 
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at the substrate/electrolyte interface. It was also found that the coatings are 
mainly composed of hydrated magnesium stannate particles, MgSnO3°3H,O 
[22,23]. On AZ31 alloy [6], MgSnO, was initially formed on the surface of 
B-phase (Mg,7Al,2) and then extended to the o-phase. 

It was found that stannate coatings do not block electrolyte penetration. 
The corrosion rate of stannate coated AZ31B was found to be higher than 
cerium coated samples. Chromate and galvanic black coated samples have 
the best corrosion resistance when compared with stannate and cerium coated 
samples in a comparative study by Shashikala et al. [21], which will be 
discussed later. Elsentriecy et al. [23] found that stannate coatings formed 
by potentiostatic technique (i.e. by potentiostatic polarization at EF = -1.1V 
vs. Ag/AgCl) were more uniform, dense and corrosion resistant than those 
formed by the simple immersion method. Figure 15.3 shows a comparison 
of samples treated by potentiostatic polarization method and by simple 
immersion in a stannate conversion bath containing 0.125 M NaOH at 353 K. 
The coating deposited by the simple immersion method was less uniform 
with pinholes present, while the coating formed by potentiostatic polarization 
method was relatively uniform and continuous. The difference in coating 
morphology was explained by the difference in the substrate dissolution 


(b) (d) 


15.3 SEM images with different magnifications of AD91D alloy coated 
by simple immersion (a and c) and by potentiostatic polarization at 

E =-1.1V (b and d) in a stannate bath containing 0.125M NaOH at 
353K. Immersion time for the simple immersion method was 3.6 ks 
(from H.H. Elsentriecy et al/., Electrochimica Acta, 53 (2008) 4267- 
4275). 
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mechanism of the two methods during the coating formation. This example of 
holding the Mg alloy samples at the magnesium dissolution potential during 
conversion treatment is a simple modification of the conversion process yet 
can significantly improve the quality of conversion coatings. Such a modified 
conversion process could also be used for other types of conversion coatings 
such as cerium-based coatings. 

Stannate conversion coatings were also combined with other surface 
coating processes to improve the corrosion protection of the Mg alloy. 
For example, electroless Ni—P coating was successfully deposited on the 
chemical stannate conversion coating for the AZ91D alloy by Huo et al. [24]; 
the corrosion resistance of the alloy was enhanced greatly and passivation 
occurred during anodic polarization during a potentiodynamic polarization 
test. The improvement in corrosion resistance was due to the presence of 
the conversion coating between the nickel electroless layer and the alloy 
substrate which reduced the electrochemical potential difference. 


Phosphate and phosphate—permanganate related conversion coatings 


Phosphate—permanganate conversion solution typically consists of KMnO,, 
MnHPO,, K,HPO,, and H3PO, with a solution pH of 3~6 [25]. When 
magnesium or its alloys are placed in the phosphoric acid, Mg reaction with 
the acid takes place which locally depletes the H* ions, thus raising the pH 
and causing the dissolved Mg”* to fall out of solution and precipitate on 
the surface as Mg,(PO,4)3. Permanganate ions (MnO;) that also exist in the 
solution are reduced from Mn’* to form manganese oxides on the surface 
of the Mg samples as follows: 


MnO; + 4H* + 3e° @ MnO,(s) + 2H,O 
or 

2MnO, + 2H* + 2e° @ Mn,O,; + H,O 
or 

MnO; + 2H,O + 3e° @ MnO,(s) + 40H- 


As the OH’ concentration increases at the anode locations which raises the 
pH value, some manganese products such as MnO,, Mn,03, Mn3O,4 and 
MnOOH can be formed and co-exist within the conversion coating layer. 
Corrosion resistance of Mg alloys after the phosphate—-permanganate 
conversion treatment was found to be comparable with the chromate treatment. 
Chong and Shih [26] studied permanganate—phosphate conversion coating 
treatment for commercial pure magnesium, AZ61A, AZ80A, and AZ91D 
alloys. For the AZ series alloys, they found coated layer containing products 
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of Mg,(PO4)3, MgO, Mg(OH)., MgAI,O,, Al,O3, Al(OH)3, MnO, or MnO; 
and amorphous oxy-hydroxides, but on pure magnesium metal, Mg,(PO,.)3, 
MgO, Mg(OH)>, MnO, amorphous oxy-hydroxides and MgMn,Og were 
identified as the main products. They also found permanganate—phosphate 
conversion treatment for the AZ series alloys had an equivalent corrosion 
protection potential as the JIS H 8651 MX-1 chrome-based method. On AZ31, 
however, as reported by Zucchi et al. [22], permanganate—phosphate coatings 
have through cracks (more than stannate coatings). The co-existence of pure 
o-Mg and B-Mg,,Al,, alloy phases of AZ series alloy has direct influence 
on the permanganate—phosphate deposition process [27]. The macroscopic 
galvanic effect between the two phases dominated the initial deposition. 
Network cracks typically existed on the permanganate—phosphate coating 
surface as shown in Fig. 15.4. These cracks may possibly be related to 
hydrogen release via the chemical reaction during the conversion treatment 
and/or the dehydration of the surface layer after treatment [26]. The cracks 
could also be caused by different deposition rates of & and B-phases [27]. 
Phosphate—permanganate conversion solution was also used to treat Mg—Li 
alloy to improve its corrosion resistance [28]. Recently, a new conversion 
coating using molybdate/phosphate (Mo/P) was developed for Mg alloys 
which showed better corrosion-resistant performance than pure molybdenum 


Secondary plactrons working distances 29.1 San: 
I5KV, 150 200 um 


15.4 Conversion-coating morphology of AZ61A Mg alloys processed 
by immersing in a permanganate—phosphate conversion bath for 
600s at 323K (from K.Z. Chong et al., Materials Chemistry and 
Physics, 80 (2003) 191-200). 
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(Mo) conversion coating, with comparable corrosion protection for Mg alloy 
as the traditional chromate-based coating [29]. Other interesting works are 
related to phytic acid (H;,P,024C¢), which was used to replace/combine with 
phosphate ions for the conversion treatment of Mg alloys and showed very 
promising results [30-32]. 


Conversion coatings based on compounds of V, Zr, Mo, W, Ti, Co 


The vanadate conversion coating was obtained by immersion of Mg alloys 
in aqueous solution (pH 8) with different amounts of NaVO3 at optimized 
temperature and immersion time. When the pH at the metal—solution interface 
increases due to surface-catalyzed proton reduction or dissolved oxygen 
reduction, rapid monomeric hydrolysis of V>* is triggered: 


VO; + 2H,O0 @ VO(OH); + H*, 
and 
VO(OH); + 2H,0 © VO(OH)3(OH>)> 


forming insoluble vanadium hydroxides or oxides. Yang et al. [33] showed 
that the conversion coating formed on the surface of AZ61 alloy by dipping 
the sample into the vanadium bath provided the best corrosion resistance 
when compared with phosphate (in solutions of H;3PO, 5mlL~!, Na,HPO, 
15g L!, CaNO; 20 gL!) and cerium conversion (in solution Ce(NH4)>(NO3)¢ 
20gL7') treated AZ61 samples, as indicated by the most positive corrosion 
potentials and lowest corrosion current densities in the polarization curves 
shown in Fig. 15.5. 

Yang et al. [33] also found that the thickness of the vanadate conversion 
coating grows with increase of immersion time, however, excessive immersion 
induces the formation of cracks in the coating, leading to decrease of corrosion 
resistance of the coatings. The crack density can be reduced with increasing 
bath temperatures. They concluded that better corrosion resistance can be 
obtained by immersing the AZ61 samples in the conversion bath containing 
NaVO; with concentration of 30gL7! for 10min at 80°C. Other conversion 
treatments similar to vanadate conversion process include Zr-based, Mo- 
based [34], W-based, Ti-based, Co-based and Fe-based coatings as well as 
combinations of those coatings. 


Sample post-treatment 


The post-treatment process for coated Mg alloy parts normally includes a 
simple hot air drying in an oven before sending the parts for E-coating or 
painting. Temperatures, heating rate, drying time and heating atmosphere 
are important parameters to be controlled. In addition to heat drying 
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15.5 Polarization curves for Mg AZ61 treated with different 
conversion baths: (a) untreated, (b) phosphate, (c) cerium and (d) 
vanadium (from K.H. Yang et al., Materials Chemistry and Physics, 
101 (2007) 480-485). 


treatment, other post-treatments are used sometimes, for example, by dipping 
conversion coatings in a solution containing organic chelating agent such as 
aminocarboxylic acid and dithiocarbamic acid type chelating agents, phenolic 
compounds or alkaline such as NH3—H,0O to stabilize and consolidate the 
conversion coatings. 


Comparative studies 


Comparative studies on chemical conversion coatings of stannate, cerium 
oxide, chromate and galvanic black anodizing on Mg alloy AZ31B were 
conducted by Shashikala ef al. [21]. Scanning electron microscopy (SEM) 
analysis showed that the stannate coating has uniform spherical and cubic 
grains. Cerium coating consists of a thin and cracked coating with “dry mud’ 
morphology. A gel-like structure with a ‘mud crack’ pattern was observed in 
the case of chromate and black galvanic coating. Corrosion resistance of the 
various coatings was found in the following order: galvanic black anodizing 
> chromating > cerium oxide coating > stannate coating, as shown by the 
polarization curves in Fig. 15.6. 

It should be noted that the above comparison is only for AZ31B under 
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15.6 Polarization diagram of conversion coatings on Mg-AZ31B in 
5% NaCl solution, (a) stannate (b) cerium (c) chromate (d) galvanic 
black anodizing (from A.R. Shashikala et al., International Journal of 
Electrochemical Science, 3 (2008) 993-1004). 


certain experimental conditions such as solution compositions, pH, bath 
temperatures, immersion time, etc. The conclusion above might not be 
applicable to other types of Mg alloys under different conversion treatment 
conditions. 


15.2.2 Characterization of chemical conversion coatings 
Chemical composition and microstructures 


SEM, field emission SEM and X-ray diffraction (XRD) are the most common 
techniques used to characterize surface morphology, microstructure, and the 
phase composition of conversion coatings, while energy-dispersive X-ray 
analysis (EDS), X-ray photoelectron spectroscopy (XPS) and Auger electron 
spectroscopy (AES) are the most common techniques to characterize the 
chemical composition and oxidation state of conversion coatings. Other 
characterizations include transmission electron microscopy (TEM), atomic 
force microscopy (AFM), scratch test, and hardness and elastic modulus 
measurements. 
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Corrosion resistance 


Corrosion resistance measurements for the conversion coatings are usually 
conducted using electrochemical polarization of the coated sample immersed 
in electrolyte such as 0.5M Na SO, or 5% NaCl at room temperature with 
a potential scan range of —2.4 to —1.4 V/ saturated calomel electrode (SCE) 
and at scan rate of 0.2-1.0mV/s. Impedance spectra of the conversion 
coated sample in electrolytes (e.g. 5% NaCl at pH 5.0 or 0.15 moldm™® 
H3BO;/0.05 mol dm™ Na,B,O, buffer solution at pH 8.5) were measured 
with a sinusoidal signal of no more than 10mV amplitude and a frequency 
range of typically 10kHz to 100mHz at the corrosion potential. Diameters 
of the capacitative semicircle in Nyquist diagrams obtained by impedance 
measurement represent the Faradic resistance of the coatings. Accelerated 
atmospheric corrosion test was typically done in humid (85%) atmosphere 
containing 0.5 ppm SOs, while salt spray test uses 5 of NaCl solution spray 
onto the surface of coated sample at a temperature of about 40°C. In some 
cases, thermal cycling in thermostatically controlled hot and cold chamber 
was performed if the coated Mg alloy was to be used in hot environments. 


15.3. Electrocoat 


Electrophoretic coating (E-coat) is a surface coating technology for conductive 
materials and is applied to magnesium alloys for corrosion protection. The 
process is also referred to as electrocoat, electrodeposition or electrophoretic 
painting. The process is based on electrophoretic motion of charged particles 
suspended in an electrolyte towards an electrode under an applied electrical 
field. According to the setup, electrocoating can be divided into anodic and 
cathodic processes. In anodic electrocoating, the workpiece to be coated acts 
as an anode, and an electrical field will drive negatively charged particles 
in the electrolyte towards the workpiece and deposit on the surface. In the 
cathodic electrocoating process, on the other hand, the workpiece to be 
coated acts as a cathode, and attracts positively charged particles under an 
electrical field. 

The electrocoating process has many advantages compared with other 
coating processes. First, the electrocoating process produces uniform coatings 
with very low porosity, and hence provides excellent corrosion protection. 
Second, the process is capable of coating the surfaces of complicated shapes 
due to its unique coating formation mechanisms and high throwing power. 
Third, the process is cost effective for mass production due to its high degree 
of automation, high throughput and high paint transfer efficiency (95-98%). 
Furthermore, the process is environmentally friendly. The E-coat processes 
are predominantly water based, and feature very low level of volatile organic 
compounds (VOC), and free from hazardous air pollutants (HAP). Heavy 
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metals such as lead have been completely eliminated from the bath chemistries 
without compromising the corrosion protection performance of the coatings. 
In addition, there is minimal waste discharge in the electrocoat plant. Some 
closed-loop operations have completely eliminated waste water discharge. 
These key advantages have made the E-coat process a key technology for 
the automotive industry, and a desirable surface protection approach for 
magnesium components. 
The E-coat process involves four key steps: 


surface pre-treatment; 

electrodeposition of the paint in the bath; 
post-rinse; and 

baking. 


15.3.1 Surface pre-treatment 


Surface conditions, including surface chemistry, morphology and contamination, 
have very important effects on the deposition, bonding strength and the 
durability of the E-coatings. Proper surface preparation of the parts before 
coating is therefore critical for ensuring quality of the coatings. Various 
treatment methods for the substrates, such as surface cleaning, anodizing, 
chemical etching, conversion coating and plasma surface treatment, have been 
explored for modifying the surface conditions, with the aims of removing the 
undesirable contaminations from the surface, changing the surface chemistry 
and morphologies. 


Surface cleaning 


Surface contaminations such as grease, oil and dirt have a significant adverse 
effect on the E-coating formation and bonding strength. Silicone, in particular, 
is harmful to coatings even if only a trace amount (parts per million) exists 
on the metal surface. The benefits of surface cleaning are well known to the 
coating industry [35]. Alkaline solution treatment under controlled conditions 
is a well established and also the most commonly used industrial practice 
for the cleaning of metallic substrates before electrocoating, due to its low 
cost and suitability for mass production. 

Wet glass beading was explored by Hsu as a surface preparation method 
for magnesium alloys [36]. The treatment can remove contaminants and rust 
products, as well as some casting defects from the surface of Mg alloys. 
The surface of Mg alloys prepared by such treatment can be used directly 
for various subsequent coatings, including electrocoating, electroplating or 
painting. An added benefit of the process is that Mg particles generated by 
glass beading will be oxidized in the liquid and hence the fire hazard of such 
particles is minimized. 
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Conversion coating and phosphating 


Conversion coating is the most commonly used method of forming a base 
coating layer for electrocoating, and has been described in detail in the 
previous section and by Gray and Luan [37]. Chromate conversion coating 
is a conventional way of generating base coatings on magnesium and Mg 
alloys. Such processes, however, involve toxic Cr ions and are being 
phased out due to environmental concerns. Many alternative chrome-free 
conversion coating methods are being developed to replace the chromate 
conversion coating processes. Some examples include phosphate coatings 
[38], conversion coating using an alkaline stannate bath to produce MgSnO; 
or MgSnO3-H,0 coating [39,40], and permanganate coating forming various 
oxide and hydrides [41]. Silica-modified phosphates can replace conversion 
coatings containing chrome or lead in the paint solids for improved corrosion 
resistance without compromising the environmental concerns. Also, adding 
rare earth elements, such as cerium, to the phosphate layer can minimize the 
cracking of the phosphate layer and increase the stability of the phosphate, 
leading to improved corrosion resistance and coating durability [42]. It was 
also reported that adding molybdate to the phosphate coating both results 
in the formation of a conversion coating containing nanocrystalline zinc 
phosphate and MgMoO,, which significantly refined the microstructure, and 
reduced crack formation in the coating [43]. 


Oxidization 


By forming a magnesium oxide layer with a thickness of 5—20uUm using 
micro-arc oxidation before electrocoating, the corrosion resistance of the 
magnesium alloys can be effectively increased [44]. Oxide produced by 
anodizing also has a significant impact on the corrosion behavior of magnesium 
alloys. Compared with direct application a thin layer of organic coating on 
the bare magnesium substrate, the corrosion resistance of the magnesium 
alloys with a thin layer of oxide formed by anodizing and before organic 
coating has much improved corrosion resistance [45,46]. 

Plasma treatment of magnesium surface before electrocoating has been 
employed for improving the bonding strength of the coatings (Table 15.1) 
[47,48]. It is shown that delaminating time of the cathodic coating as revealed 
by the N-methylpyrrolidone (NMP) test increased from less than | hour to 
over 22 hours by appropriate plasma treatment of the magnesium surface [36], 
although such treatment will add to cost and may compromise productivity 
for commercial applications. 

The oxide layer produced by micro-arc oxidation or anodizing has pores 
that can form interlocks with the paint deposited by subsequent electrocoating, 
which is believed to have excellent bonding with the magnesium substrate 


[49]. 
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Table 15.1 NMP test results of bonding strength of coatings produced using 
different combinations of surface treatment on an AZ31B alloy [48] 


Treatments NMP time (h) 
Cathodic E-coating without plasma treatment 0.07 + 0.018 
Ar plasma surface cleaning + trimethylsilane plasma 0.25 + 0.002 


polymer coating + E-coating 

(Ar + Hy) plasma surface cleaning + trimethylsilane plasma 39.16 + 0.200 
polymer coating + E-coating + Ar plasma post-treatment 

Ar plasma surface cleaning + TMS plasma polymer coating 0.19 + 0.197 
+ Ar plasma post-treatment + E-coating 


Ar plasma surface cleaning + trimethylsilane plasma polymer 27.52 + 0.495 
coating + Ar plasma post-treatment + E-coating + Ar plasma 
post-treatment 


Research work has shown that the initial bonding strength of the polymer 
to metal substrates depends critically on the nature of the oxide on the surface. 
The long-term durability of the coatings, however, depends strongly on the 
environmental stability of the underlying oxide. Therefore, by applying a 
proper stabilizing treatment of the surface oxide, the durability of the coating 
can be significantly improved [49]. 


15.3.2 Deposition 


During a coating deposition process, a DC voltage is applied across the 
working electrode (parts) and the counter-electrode. The movement of the 
charged particles in the coating bath towards electrodes with opposite charges 
is accompanied by electrolysis of water. The water electrolysis will result 
in oxygen gas liberation on the anode and hydrogen gas evolution on the 
cathode. The evolution of these gases disturbs the hydrogen ion equilibrium 
in the water immediately surrounding the electrodes. This will lead to a 
corresponding pH change which will in turn de-stabilize the paint components 
of the solution and make them coagulate onto the appropriate electrode. 

The key factors affecting the coating process include the chemistry of the 
coating bath, and the process parameters such as applied voltage, coating 
time and bath temperature. 


Electrolytes 


Owing to their low cost and environmental friendliness, aqueous electrolytes 
have been used predominantly in the electrocoating industry. Non-aqueous 
electrophoretic deposition processes have also been explored for use in the 
fabrication of electronic components and the production of ceramic coatings 
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[50,51]. Non-aqueous processes have the advantage of avoiding the electrolysis 
of water and the related gas evolution. 

The aqueous-based electrolyte consists of an emulsion of polymer and 
deionized water in a stable condition. The coating bath normally contains 
10-20% of paint solids and 80-90% of deionized water [52], although a 
solid content as high as 26% has been reported in recent publications [45,46]. 
The deionized water acts as the carrier of the paint solids which consist of 
resins, pigments and small amount of solvents. The resin is the backbone 
of the final paint film and provides protection of the substrates from various 
damages such as corrosion and chipping. The pigment mainly provides the 
color and gloss of the coating. The solvents serve the function of improving 
the smoothness and appearance of the coating film. 

There are primarily two types of chemistries for the coating materials. 
One is epoxy-based and the other is acrylic-based. In general, epoxy-based 
coatings provide superior corrosion resistance and are used in applications 
where high corrosion resistance is required. This chemistry, however, does 
not have good resistance to ultraviolet light, and is commonly used in primer 
applications where a topcoat will be subsequently applied, particularly if the 
coated object needs to withstand sunlight. 

Acrylic polymers are based on free radical initiated polymers containing 
monomers based on acrylic acid and methacrylic acid and their esters. Such 
polymers often also include styrene as a monomer. Acrylic-based coatings 
are more resistant to ultraviolet radiation and are widely used in applications 
where outstanding durability and color control are required. In recent years, 
hybrid coating systems are also being explored to satisfy more demanding 
performance needs for the coatings [52]. 


Process parameters 


The most important process parameter in the electrocoating process is the 
applied voltage. Higher voltage provides higher throwing power for the 
process and increases the film growth rate, but too high a voltage can lead 
to the ‘rupture’ of the coatings, resulting in a very thick and porous film 
unacceptable from both a functional and a cosmetic perspective. Although 
DC voltages of 25—400 V have been cited in the literature for electrocoating, 
typical voltage used in the industry is in the range of 100-300 V. A higher 
applied voltage will normally lead to a thicker coating film [35]. Since the 
molar amount of hydrogen generated at the cathode is twice as much as that 
of oxygen generated at the anode for the same amount of water electrolysis, 
and gas has much higher electrical resistance than the electrolyte, the electrical 
resistance due to gas generation at the cathode is much higher than that at the 
anode. Therefore, the required voltage in the cathodic process is generally 
higher than in the anodic process. 
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The coating time is another important factor in the electrocoating process. 
A typical current-time curve under a constant applied voltage is shown 
in Fig. 15.7 [35]. The initial coating current is high for a minute or so at 
the beginning of the process and then drops sharply as coating grows. The 
coating time for the process is therefore normally short, varying from a few 
seconds to a few minutes. This fast process dynamics renders the process 
the suitability for high throughput. This is significantly different from the 
current characteristics in electroplating or anodizing where current is kept 
essentially constant. 

The bath temperature also has a significant effect on the electrocoating 
process. First, the conductivity of the bath and the deposited coatings both 
increase with increase in the bath temperature. The increased bath conductivity 
will lead to decreased ‘rupture’ voltage; second, the viscosity of the coating 
film also changes with the bath temperature, thus affecting the ability of the 
coating film to release gas bubbles formed inside the coating. 

An recent interesting development in electrocoating is the ‘electroless’ 
E-coating of Mg alloys in a conventional electrocoating bath [45,46,53]. In 
this novel process, pre-treated Mg alloy is immersed in an electrocoating 
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15.7 Change of current with coating time under constant voltages. 
The current was kept at <1A at the beginning, and the voltage was 
increased to the set values after current dropped (from C. Reddy et 
al., Progress in Organic Coating, 33 (1998), pp. 225-231). 
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bath for a few seconds without applying the electrical field and then pulled 
out and dry. A thin layer of stable paint film can be formed on the surface 
of a various Mg alloys, even after the surface is anodized. The coating film 
significantly improves the corrosion resistance of the magnesium alloys 
[45,46,53]. Further development in this process is expected to make the 
process more attractive for generating organic protective coatings on Mg 
alloys for various applications. 


15.3.3 Post-treatment and baking 


After deposition, the coated part is normally rinsed to clean the surface. 
The rinse process may utilize an ultrafilter to acquire water from the coating 
bath solution. The water, after rinsing, will be returned to the coating bath, 
allowing for high utilization efficiency of the coating materials, as well as 
reducing the amount of waste discharged into the environment. 

After rinse, the coated parts are placed in an oven to cure the coated 
film. During the baking process, the polymer undergoes further crosslinking 
and becomes hard and resistant to chemical attacks. In addition, the baking 
process also allows the coating to flow out to fill the gas pores formed during 
the deposition process to make the coating film dense and continuous. The 
baking temperature is normally in the range of 82-177 °C (180-350 °F). 


15.4 Concluding remarks 


Conversion coating and e-coating are simple, low-cost and scalable coating 
schemes for the protection of Mg alloys. However, the information here has 
been based on a limited number of reviews and therefore does not contain 
all the information in the public domain. In addition, the current coating 
schemes are mostly complex, multi-layer systems that incorporate many 
different technologies and must be conducted very carefully in order to 
achieve optimum results. 

Chemical conversion coatings that can effectively protect magnesium and 
its alloys from corrosion require excellent coating properties such as high 
density (low porosity), defect-free, good adherence, chemical inertness and 
self-healing characteristics. How to precisely control the physical, chemical 
and mechanical properties of the conversion coatings is the main challenge 
in developing chromium-free conversion coatings because many processing 
parameters can affect the properties of the coatings. It is very challenging 
to predict which processing parameter will play a key role under different 
circumstances. Trial and error is sometimes used in the determination of 
processing parameters. Important processing parameters that can affect 
the quality of conversion coatings besides the chemical compositions and 
microstructures of the Mg alloys include sample preparation methods, sample 
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pre-treatment conditions such as degreasing, alkaline cleaning and acid pickling, 
conversion solution recipes, pH of the solutions, temperatures of the bath, 
immersion time and number of immersions, sample drying conditions and 
so on. Some processing parameters will play a more important role under 
certain circumstances while other factors could become more important under 
different circumstances. Generally speaking, an inert, dense, good adherence, 
defect-free (no cracking, pinholes, etc.) and self-healing conversion layer 
is desirable for good corrosion protection. The question is how to control 
chemical conversion processing parameters to achieve high-quality coatings 
with such desirable properties. To answer this question, it is critically important 
to understand the fundamentals of conversion coating processes in detail, 
which include chemical/electrochemical reaction mechanisms such as the 
rate of dissolution of magnesium and its alloy elements, the reduction of 
proton or water or dissolved oxygen at metal solution interface, the diffusion 
of reactants and products near the metal surface, the nuclei formation and 
growth on the surface of different phases, the influence of local pH and 
temperatures. 

Another challenge is the pollution issue. Conversion treatment generates 
a number of wastes, including spent abrasives, solvents and/or aqueous 
cleaning baths, and conversion treatment baths, air emissions from abrasives 
and solvents, rinse waters, etc. New environmental regulations will force 
industry to continue to develop and improve the current chemical conversion 
processes. 

Although the electrocoating process is well established and has been 
commercialized for several decades, there are ongoing demands for further 
improvements, in terms of better performance, lower cost, higher productivity 
and environmental friendliness. This is particularly true for magnesium alloys 
because they are relatively new for engineering applications compared with 
steels and aluminum alloys. The key performance enhancements required 
include improved coating adhesion to the substrate, better corrosion resistance 
and durability, better chipping resistance and color control. Some of these 
requirements need to be addressed by improving the coating chemistry 
through the modification of the bath compositions. Others can be dealt 
with by improving the coating process such as pre-treatment method and 
optimizing coating process parameters. 

Cost reduction is an ongoing demand for every industry, including 
electrocoating. A few areas can be explored for further cost reduction. These 
include reducing baking temperature for the coated films because baking is a 
key energy consumption step in the entire process. The ‘electroless’ organic 
coating is another promising approach in saving energy and improving 
productivity. 
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Anodization and corrosion of magnesium 
(Mg) alloys 


G.-L. SONG, General Motors Corporation, USA and 
Z. SHI, The University of Queensland, Australia 


Abstract: Anodization is one of the most important and effective surface 
pre-treatments for Mg alloys. This chapter systematically summarizes 

Mg alloy anodizing behavior, the compositions and microstructures of 
anodized films on Mg alloys and the anodization-influencing factors. Based 
on the anodizing voltage variation, gas evolution and sparking behavior 

in a typical anodizing process and the characteristic composition and 
microstructure of an anodized coating, a four-stage anodizing mechanism is 
postulated. Moreover, the corrosion performance of anodized Mg alloys is 
systematically reviewed and a corrosion model is proposed to explain the 
corrosion performance and electrochemical behavior. It is believed that some 
of the measured electrochemical features can be utilized to rapidly evaluate 
or compare the corrosion resistance of anodized Mg alloys. 


Key words: Mg alloy, corrosion, anodizing, surface treatment, coating. 


16.1 Overview of anodizing techniques 


It is well known that magnesium (Mg) alloys are not corrosion resistant and 
require surface treatments or coatings in many applications. A variety of 
surface finishing processes are being used to protect magnesium alloys from 
corrosion, which include surface conversion treatments (e.g. chromating, 
phosphating), anodizing (e.g. DOW 17, HAE, Anomag, Keronite, Tagnite, 
Magoxid-Coat); galvanizing/plating (Zn, Cu, Ni, Cr). These processes can 
be used alone or in combination with application of organic coatings. In 
addition, there are also chemical vapor deposition (CVD), physical vapor 
deposition (PVD), flame or plasma spraying and laser/electron/ion beam 
surface treatments, etc., as options for corrosion protection of Mg alloys. 

Among these techniques, anodizing appears to be one of the most effective 
corrosion protection techniques for Mg alloys. This is because a successful 
coating should meet the following requirements: 


be very stable in corrosive environments to protect the substrate; 

e be resistant to scratching and flexible to follow the deformation of the 
substrate without cracking or delaminating; 

e be a non-conductive layer to isolate the substrate and in case the layer 


565 


© Woodhead Publishing Limited, 2011 


566 Corrosion of magnesium alloys 


is damaged, no significant galvanic effect of the coating to accelerate 
the corrosion of the substrate; 

e have a relatively rough morphology for top coating, if necessary; 

e have high throwing power to treat components from all sides. 


Anodizing is one of the most popular industrial processes (Blawert et al., 
2006), which applies an anodic current or voltage to a substrate metal to 
produce an oxide film. The nature of anodizing is an oxidation reaction in 
an aqueous environment driven by a current or voltage. Although many 
different terms, such as ‘arc’, ‘sparking’, ‘plasma’ and ‘anodic deposition’, 
are often used in various cases to describe this technique, they only refer 
to the phenomena exhibited in a certain stage of anodizing. The anodized 
coating has a porous morphology and ceramic-like composition, which is 
chemically stable. An anodized coating can be further sealed and/or top- 
coated for additional corrosion protection. 

Anodizing is usually adopted as one of the important industrial surface 
treatment technologies for light metals, and it has been successfully used on 
aluminum (Al) alloys over many decades. It has also been further developed 
for use on Mg alloys. Although both Al and Mg alloys can be anodized, 
there are significant differences in their anodizing processes and anodized 
coatings. First, because of the high temperature caused by sparking during 
Mg alloy anodizing, there are a large number of species participating in the 
anodizing. The process on a Mg alloy is more complicated than that on an 
Al alloy. The latter normally does not have sparking. Second, the electrolytes 
used in the anodizing processes of an Al alloy and a Mg alloy are different. 
Third, the voltage used in anodizing a Mg alloy normally is much higher 
than in anodizing an Al alloy. Fourth, on an Al alloy, the formed anodized 
film is regular in structure and consists of a barrier layer adjacent to the 
metal surface as well as a layer containing uniform parallel pores normal to 
the surface, while the anodized film on a Mg alloy is irregularly porous in 
structure. 

There are already several commercial anodized coatings that have been 
developed for magnesium alloys, such as Tagnite (Bartak et al., 1993, 1995; 
Barton and Johnson, 1995), Anomag (Barton, 1998; Barton ef al., 2001), 
Magoxid (COMA, 2001; Schmeling et al., 1990), Keronite (COMA, 2008; 
Shatrov, 1999), HAE (Abulsain et al., 2004; Evangelides, 1955), Dow 17 
(Abulsain et al., 2004; COMA, 1956), MGZ (Hillis and Murray, 1987; 
Kotler et al., 1976a; Leyendecker, 2001), etc. The first anodizing coating 
for Mg alloys is Dow 17 developed by the Dow Chemical Company. It uses 
an AC or DC current at a voltage below 100 V in a solution comprising 
sodium dichromate, ammonium acid fluoride and phosphoric acid at pH ~5 
above 70°F. The composition of the formed film is mainly MgF5, NaMgF;, 
Mgy4)/20,(OH), and smaller amounts of CryO3. However, the use of chromate 
in the electrolyte is a big concern limiting its applications. After that, the 


© Woodhead Publishing Limited, 2011 


Anodization and corrosion of magnesium (Mg) alloys 567 


HAE anodic coating technique was developed for Mg alloys. The anodizing 
electrolyte contains potassium permanganate, potassium fluoride, trisodium 
phosphate, potassium hydroxide and aluminum hydroxide with a high pH 
value (approximately 14) and anodizing is operated between 20 and 30°C 
with an AC current at a voltage below 125 V. 

Anomag is a technique commercialized by Magnesium Technology Ltd in 
New Zealand. The anodizing bath consists of ammonia, sodium ammonium 
phosphate, etc. No chromium or other heavy metals are used. Anodizing 
is obtained without formation of high-energy plasma discharges (spark 
discharge), so it is a non-sparking process. The Magoxid-Coat is formed in 
an electrolyte containing borate or sulfate, phosphate and fluoride or chloride 
at pH 5~11 (preferably 8-9) buffered by amines at a DC current preferably 
with a voltage up to 400 V. The coating contains MgO, Mg(OH)>, MgF, and 
MgAI,O,. Tagnite is another chromate-free commercial coating system. The 
coating has better corrosion and abrasion resistance than any chromate-based 
coating. The electrolyte is an alkaline solution containing hydroxide, fluoride 
and silicate species operated below room temperature (4—15 °C). The anodizing 
current has a unique waveform optimized at voltages exceeding 300 V DC. The 
coating is white, consisting mostly of hard Mg oxide with minor deposition 
of hard fused silicates. Keronite process transforms Mg alloy surfaces into 
a hard, wear-resistant ceramic oxide coating at a temperature between 20 
and 50°C. This coating is a good corrosion and thermal barrier. Anodizing 
is performed with a bipolar (positive and negative) pulsed electrical current 
with a specific wave form in a proprietary, chrome and ammonia-free, low 
concentration alkaline (98% demineralized water) non-hazardous electrolyte. 
The coating is mainly composed of spinel (MgAI,O,) together with SiO, 
and SiP. Moreover, the high-voltage Cr-22 treatment is also commercially 
available, although the anodizing bath contains chromate, vanadate, phosphate 
and fluoride compounds (Hillis, 1995). 

In addition to the commercially available anodizing processes, numerous 
new anodizing techniques are currently being developed (Blawert ef al., 
2006). For example, a white glossy anodized oxide film formed in an 
aqueous solution was reported to contain silicate, carboxylate and alkali 
hydroxide (Kobayashi ef al., 1988). A film consisting of chemically stable 
and hard spinel compound of MgO—AI1,0; was found on Mg surfaces after 
anodizing (Kobayashi and Takahata, 1985). It was patented that magnesium 
substrate should be first pickled in an aqueous hydro-fluoric acid bath and 
then anodized in an aqueous bath composed of an alkali metal silicate and 
an alkali metal hydroxide to form an anodized film for magnesium (Kozak, 
1980, 1986). Corrosion and wear-resistant protective layers on magnesium or 
Mg alloys can also be formed by anodic oxidation in an aqueous electrolyte 
bath containing borate or sulfate ions, phosphate ions fluoride ions, and alkali 
ions (Tanaka, 1993). 
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It should be noted that anodizing is a hot topic in the area of corrosion and 
protection of Mg alloys. It is expected that in near future, more corrosion- 
resistant, low cost, easily operated, environment-friendly and non-toxic 
anodizing techniques will become available for Mg alloys. 


16.2. Characteristics of anodizing behavior 


Although various anodizing techniques have been developed, which differ from 
one another for their different anodizing phenomena or coating performance, 
they do share some common characteristics. 


16.2.1 Anodizing stages 


Generally speaking, different stages can be observed in an anodizing 
process. For example, it was found that the DC anodizing of AM60 Mg 
alloy in 1.5M KOH + 0.5M KF + 0.25M Na,HPO,:12H,0 with addition 
of various concentrations of NaAIO, has three anodizing stages: traditional 
anodizing followed by micro-arc anodizing and finally arcing (Verdier et al., 
2004). Khaselev and co-worker studied pure Mg (Khaselev and Yahalom, 
1998a,b; Khaselev et al., 1999), binary Mg—Al alloys (2 at.%, 5 at.% and 8 
at.% of Al) and intermetallic Mg)7Al). in solution 3M KOH + 0.6M KF + 
0.21 M Na3PO,, with and without addition of 0.4M and 1.1 M of aluminate 
(Al(OH)3) under constant voltage and current conditions, and found that 
the anodizing behavior showed clearly different stages. It is also reported 
that the anodizing voltage of diecast AZ91D in a 40°C sodium aluminate + 
potassium fluoride electrolyte varied in the range of 240-600 V, the current 
density varied in the range of 0.5—5 A/dm’, and micro-arcing was observed 
in the anodizing process. The process showed two stages. In the first stage, 
the cell voltage increased linearly at a very high rate of 80-300 V/min. 
With higher anodizing current densities and higher concentrations of the 
electrolyte components, the voltage increased more quickly. Approximately 
3-20 min later, this process entered into the second stage. A steady state 
sparking was established on the surface and the cell voltage reached a relative 
stable value of 520-570 V. The formed ceramic coatings were composed of 
the spinel phase MgAI,O4. A few circular pores and micro-cracks formed 
on the ceramic coating surface; the number of the pores decreased, while 
the diameter of the pores increased as the anodizing treatment proceeded. 
Variation of treatment time in the range of 10-40 min caused no changes in 
the phase structure of the ceramic coatings. 

An anodizing process may display different stages under potential control 
and current control modes. Generally speaking, a complete voltage-controlled 
anodic polarization curve of a Mg alloy under a potential control mode may be 
classified into four regions: (1) primary passivity; (2) breakdown of primary 
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passivity and metal dissolution; (3) secondary passivity; and (4) breakdown 
of the secondary passivity. In practice, current-controlled anodizing is more 
popular. In this mode, an anodizing process may also be generally classified 
into four different stages: I-linear growing (the anodizing voltage increases 
quickly and linearly with time; there is no sparking, and gas evolution is 
not significant either); II-gas evolving (voltage keeps increasing, but the rate 
decreases with time; meanwhile, the gas evolution becomes much faster; 
sparking is insignificant); [I-uniform sparking (anodizing voltage linearly 
increases with time again; sparking is clearly visible randomly over the 
specimen surfaces; the sparking activity together with gas evolution becomes 
more and more intense as the anodizing voltage increases with time); and IV- 
localized sparking (much more localized, intense vivid sparking arcs appear 
on the specimen surfaces; vigorous gas evolves from the sparking areas; 
the increasing of anodizing voltage with time slows down). In some cases, 
stages HII and IV cannot be clearly separated and are combined together. 
Sometimes, stage I is too quick or short and may be overlooked. Therefore, 
two or three anodizing stages are more often reported in various studies. 
The four stages under current control mode do not necessarily correspond 
to the stages in potential control mode. 

A schematic illustration of the anodizing stages is presented in Fig. 16.1. 
To obtain a steady micro-arcing and sparking process, the applied current 
density if under a current-controlled mode should be far higher than the active 
current peak in stage (2). Stage [IV sometimes may correspond to stage (4). 
After stage (4) or IV, the surface film may collapse and cannot be anodized 
again; no more sparking can occur on a collapsed surface. 

Anodizing voltage is a primary indicator of the formation of an anodized 
coating on Mg alloys under a current control mode. Initially, the voltage 
increases almost linearly with time until it reaches values of breakdown, 
at which a sharp deflection occurs and voltage oscillation and sparking 
start. The breakdown voltage increases with the Al content in the alloy and 
aluminate concentration in the bath solution. The highest breakdown voltage 
of 80 V was observed for intermetallic Mg,7Al,. in a solution containing 
aluminate. This value is about 20 V higher than that observed for pure Mg 
(Khaselev and Yahalom, 1998a). In two-phase alloys, the anodizing is not 
uniform. Anodizing starts at O-phase while growth on B-phase requires 
voltages above 80 V. A uniform layer only forms above 120 V (Khaselev 
et al., 1999). 

Mg-Al alloys are passive at voltages up to 3 V (Takaya, 1988). Higher 
voltages lead to activation and dissolution of Mg—Al alloys accompanied by 
oxygen evolution. The dissolution is initiated in the form of separate pits. 
The number of pits gradually increases and the pits eventually join together 
to form large dissolution areas. The process continues with time until the 
Mg alloy surface is completely activated. When this happens, the surface of 
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16.1 Schematic illustration of anodizing stages: (a) anodic 
polarization curve under a potential control and (b) dependence 
of cell potential (bath voltage) on anodizing time under a current 
control mode. 


the alloy is fully black. Mg—Al alloys become passive again at an applied 
voltage of ~ 20 V. The secondary passivity is related to the formation of a 
MgO film. The presence of aluminate ion in the bath solution can promote 
the passivity. The aluminum content in the alloy is beneficial for the passivity 
of magnesium. Single phase Mg solid-solution alloy (Mg—0.8 at.% Cu and 
Mg-1.4 at.% Zn) was found to change appearance of its anodic film with 
applied voltage when anodized at up to 250 V at 1OmA/cem™ ina 3M ammonia 
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+ 0.05 M tri-ammonium orthophosphate electrolyte (pH 10.7) (Abulsain et al., 
2004). A relatively uniform film was developed at 26 V with dendritic-like 
and plate-like features; patches of porous material were formed at 160 V, 
which expanded as the voltage increased; and the final film formed at 240 V 
had typical sparking feature. 

The anodizing stages vary from alloy to alloy, bath solution to bath 
solution and are influenced by applied potential and current density levels. 
It is well known that a film can be formed on a Mg alloy surface at a low 
voltage or current density. For example, for Mg in 1 M NaOH at voltages up 
to 3 V, when the current density remained low, a light grey protective film of 
Mg(OH), is formed; a thick dark film of Mg(OH), will be formed at higher 
voltages; above 20 V a protective coating will be produced (Huber, 1953). A 
barrier-type film or a semi-barrier film can be formed in an alkaline fluoride 
solution, which breaks down at around 5 V; above the breakdown potential, 
porous films were formed (Ono and Masuko, 2003; Ono et al., 2003). Anodic 
films incorporating silicon can also be formed on AZ91D under a constant 
potential of 4V in 3M KOH solution with Na,SiO3. The films are uniform 
and thicker than the films formed in the bath solution without Na,SiO3. A 
few at.% of silicon can be detected in the films, although the main component 
of the films was Mg(OH), (Fukuda and Matsumoto, 2004). 


16.2.2 Sparking 


Sparking can be observed in many anodizing processes for Mg alloys at 
high voltages or current densities. For example, in 3M NaOH at 24°C, 
anodizing voltage suddenly jumps to high levels when the applied anodic 
current density exceeds 20mA/cm?. After that, the potential oscillates in 
an irregular manner, and sparks appear and move around on the specimen 
surface (Carter et al., 1999). Micro-arc, sparking or plasma oxidation of 
Mg alloys refers to the stage when applied voltage and current density are 
relatively high in an anodizing process. Normally, sparking process occurs 
when the applied voltage is over the dielectric breakdown potential of the 
anodized coating. The sparking voltage changes with bath composition and 
concentration. In most electrolytes, sparking does not occur on the surface 
of a magnesium alloy before the anodizing voltage exceeds 50 V. 
Although an anodized film starts to form on Mg or a Mg alloy at a very 
low potential or current density, the film changes with potential or current 
density and breaks down at higher voltages. In other words, anodizing at 
high voltage or current density is a breaking down and repairing process 
of a film formed at a low current density or voltage, which accompanies a 
micro-arcing process. Initially the sparks are very small and are extinguished 
quickly. As the potential increases, the sparks become larger and begin to 
move over the specimen surface. During the whole sparking process, the 
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specimen is actually being repeatedly activated and passivated. The passivation 
and activation correspond to the events that the film breaks down resulting 
in sparking and then it is rapidly repaired after sparking. As the rebuilt film 
at a sparked spot is thicker than the original film before sparking, the film 
keeps growing significantly during the sparking stage. The breakdown and 
repairing of the film can lead to a dramatic change in potential and current 
density. Thus, the current and potential fluctuations are always observed 
during sparking. If an anodized specimen remains at a constant potential 
for a long time, sparks may gradually diminish. If the potential was further 
increased slightly, the sparking will resume. A large positive potential step 
during an anodizing process can lead to suddenly intensified sparking. If 
sparking occurs continuously at a spot, not moving along, for example, at 
a sharp edge or a defective point on a specimen, there would be inevitably 
a large burned pit formed there. If this damaged area is too large, it may 
extinguish the sparking, resulting in failure of the anodizing process. 


16.2.3 Gas evolution and anodizing efficiency 


Apart from sparking, oxygen evolution is another important phenomenon in 
an anodizing process for Mg alloys. Oxygen evolution is closely related to 
sparking behavior. Before sparking, the oxygen evolution is insignificant. 
Vigorous oxygen evolution is normally observed when sparking occurs. For 
example, under a current-controlled mode, in the initial stage at a low voltage 
the evolved gas volume is very small; then the evolved gas volume increases 
gradually with voltage, and finally significantly at a high voltage. 

The efficiency of film growth by anodizing is relatively low, only about 
30% (Abulsain et al., 2004). There is a close relationship between oxygen 
evolution and anodizing efficiency. It was found (Shi et al., 2006b) that 
for AZ91D anodized in a silicate containing bath solution, apart from film 
formation, the anodizing current was also used for electrochemical oxygen 
evolution. Consequently, a dramatic decrease in anodizing efficiency down to 
a negative value was measured after the anodizing getting into an intensive 
sparking stage (see Fig. 16.2). This result implies that a higher current 
density may produce a thicker coating quickly, but it is not economical in 
practice. 


16.3. Anodized coating/film 


An anodized coating/film can be characterized by its thickness, composition 
and microstructure. These parameters are important to its corrosion protection 
performance. 
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16.2 Dependence of oxygen evolution and current efficiency on cell 
voltage under constant electric charge (18C/cm?) (Shi et a/., 2006b). 


16.3.1 Coating thickness 


During anodizing, the substrate magnesium is consumed by oxidation and 
the oxide film is deposited on the surface. The surface film layer grows about 
50% into the original magnesium and 50% above the original surface level 
(Kurze and Banerjee, 1996). The thickness of the coating is dependent on 
the anodizing voltage or current density. Figure 16.3 shows the dependence 
of the thickness of an anodized coating under a current control mode on the 
final anodizing voltage. It is a linear relationship, i.e. a higher cell voltage 
means a thicker anodized coating is formed. The increase in film thickness 
with final anodizing voltage can be easily understood if the resistance of the 
film is believed to be linearly dependent on the film thickness. 


16.3.2 Coating composition 


The elements in a formed anodized film are mainly magnesium, oxygen 
and aluminum (if the substrate or the bath solution contains aluminum), 
which can usually be further specified as MgO and some MgAI,Oy,. Detailed 
composition varies widely, depending on many factors. For example, a 
coating formed through a Dowl17 process on pure magnesium is basically 
composed of MgF>, Mg,4,;20,(OH), and NaMgFs. The first two components 
are formed at the metal/film interface and the latter formed in the middle of 
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16.3 Dependence of the thickness of anodized coating on the final 
anodizing voltage (Shi et al., 2006b). 


the film by a chemical reaction in presence of Na” in the electrolyte (Ono, 
1998). Recently, it was found that a significant amount of Si from an SiO 
containing anodizing bath can be incorporated into the anodized coating 
after anodizing at a high voltage (Shi et al., 2006b). The Si/Mg ratio of the 
anodized coating increased as the anodizing proceeded. In the first stage, 
the atomic Si/Mg ratio was only 0.5, indicating that the deposition rate of 
Mg(OH), was the same as that of MgSiO3. In the second stage, the atomic 
ratio of Si/Mg was higher (around 1), suggesting more silicate deposited 
into the coating from the bath solution. In stage III, the ratio increased to 
2, implying more silicates are incorporated in the coating. In stage IV, the 
amount of silicate deposited was much greater than Mg(OH), with a ratio 
of Si/Mg = 5.7, indicating that the silicate is the main composition of the 
coating. Figure 16.4 summarizes the chemical compositions of films formed 
at different anodizing voltages. 

For an Al-containing Mg alloy, Al-enrichment can normally be detected 
in the anodized coating (Shi et al., 2006b). Some other alloying elements 
may also be enriched in an anodized film after anodizing. For example, 
alloying element enrichment was found on sputter-deposited Mg—0.4 at.% 
W and Mg-1.0 at.% W model alloys (Bonilla et al., 2002a,b). The alloys 
were anodized at 10mA/cm? up to 150 V in a 3M ammonium hydroxide + 
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16.4 Chemical composition of anodized coatings formed at different 
anodizing voltages (based on Shi et a/., 2006b). 


0.05 M ammonium phosphate electrolyte at 293 K. During anodizing to about 
50 V, a relatively smooth but finely porous film developed. With increasing 
voltage, the film transformed gradually to a coarse porous morphology due 
to dielectric breakdown. Enrichments of tungsten to at least 1.7 0 10'° and 
2.9 0 10'°W atoms/cm” for Mg-0.4 at.% W and Mg-1.0 at.% W alloys, 
respectively were found. The enrichment mechanism may be analogous 
to that of dilute Al alloys, in which enrichment of Al oxides occurs in its 
surface film due to the Gibbs free energies of the alloying elements oxides 
being greater than that for the formation of alumina. Enrichment can also 
be observed in solid-solution Mg—0.8 at.% Cu and Mg-1.4 at.% Zn alloys 
anodized up to 250 V at 10mA/cm™~ in 3M ammonia + 0.05 M tri-ammonium 
orthophosphate electrolyte (pH 10.7) at 293K (Abulsain ef al., 2004). 
Rutherford backscattering spectroscopy (RBS) revealed enrichments to 
about 4.1 o 10!> Cu atoms cm~ and 5.2 10! Zn atoms cm™, which can 
be correlated with the higher standard Gibbs free energies for formation of 
copper and zinc oxides than that for formation of MgO. The enriched layers 
were about 1.5-4.0nm thick as measured by medium energy ion scattering 
(MEIS). The anodized films, composed mainly of magnesium hydroxide, 
contained copper and zinc species throughout their thicknesses; the Cu:Mg 
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and Zn:Mg atomic ratios were about 18% and 25% in those of the alloys, 
respectively. Phosphorus species were present in most of the film regions, 
with a P:Mg atomic ratio of about 0.16 (Abulsain et al., 2004). 


16.3.3 Coating microstructure 


Generally speaking, in an anodizing process, a thin amorphous film can be 
formed during the first stage of anodizing. Prolonged anodizing causes local 
breakdown and crystallization of the initially formed anodic films. Anodized 
coatings formed at high voltages are porous. All the commercial anodized 
coatings that formed at high anodizing voltages, such as Dow17, HAE, 
Tagnite, Magoxide, Anomag and Keronite (most of them have got into the 
sparking stage) have been revealed to have a porous microstructure. A typical 
porous microstructure image of an anodized coating formed on AZ91D ina 
KOH and SiO}-containing solution is shown in Fig. 16.5. 

In fact, anodized coatings are multi-layered. For example, using a Dow17 
process (without sparking/electric breakdown), a cylindrical pore structure 
in the outer layer and barrier layer in the inner layer in contact with metal 
substrate can be formed on pure Mg (Ono, 1998). Figure 16.6 schematically 
illustrates the multi-layer structure of a Mg oxide coating. 

It should be noted that the relatively compact inner barrier layer is normally 
very thin and can barely be revealed by scanning electron microscopy (SEM) 
in experiments. Compared with the barrier layer in the anodized film on 
an Al alloy, it is much less corrosion resistant and one cannot expect it to 
significantly retard the ingress of aggressive species. 

The microstructure can vary with anodizing conditions. Mato et al. (2003) 
studied the anodizing behavior of sputter-deposited alloy, Mg—40% Ta, in 
ammonium pentaborate and sodium silicate electrolytes; in the pentaborate 
electrolyte, formation of an amorphous single layer composed of Ta,O5 and 
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16.5 Typical microstructure of an anodized coating formed on AZ91D 
in a silicate-containing solution. 
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16.6 Schematic illustration of the multi-layer structure of Mg oxide 
coating (based on Blawert et a/., 2006). 


MgO was observed, while in the silicate electrolyte, a two-layered structure 
was obtained. It was found that faster outward diffusing Mg ions resulted 
in a magnesium-rich top layer on the inner Ta,O./MgO layer. 

A compact anodized coating with less defects, higher thickness and stable 
composition in aggressive environments would be expected to provide 
favorable corrosion protection to the Mg alloy substrate. 


16.4 Influencing factors 


Theoretically, the main factors influencing the anodizing of magnesium 
alloys include the composition and microstructure of the substrate magnesium 
alloy, the composition of the anodizing bath solution, and the operational 
parameters, such as anodizing current density, voltage and temperature. 
For example, the dimension and distribution of porosity are a function of 
the electrolyte composition, anodizing current density and voltage, which 
further determine the corrosion resistance of an anodized magnesium alloy 
(Blawert et al., 2006; Shi, 2005; Shi et al., 2006a,b). 


16.4.1. Anodizing current/charge and voltage 


Anodizing current or charge and anodizing voltage can significantly affect the 
anodizing process. It has been found that the microstructure of an anodized 
coating is determined by the anodizing current charge used for the coating 
formation (Fig. 16.7(a)-(d)). 

The pores in the coating formed in stage II are smaller in diameter 
(1-2 um) than those in stage [V. With the same amount of total anodizing 
charge, the microstructure of a formed coating is relatively less significantly 
affected by anodizing current density (see Fig. 16.7(e)—(h)). 
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16.7 SEM images of anodized coatings formed in different stages 
(a), (b), (c) and (d) (with different anodizing current charges and final 
anodizing voltages) and under different current densities (e), (f), (g) 
and (h) with the same amount of total electric charge (18C/cm?) on 
AZ91D (Shi et al., 2006b). 
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However, if the current charge is not controlled, then a high current density 
can lead to a thicker and more porous anodic film. It has also been found 
that (Chai et al., 2008) the corrosion resistance of an anodic film can be 
related to the applied current density. An anodized coating formed at a higher 
current density should be thicker and have higher corrosion resistance. 


16.4.2 Anodizing bath solution 


The composition of anodizing bath solution is the core part of many patents 
in this area, such as DOW17 (Hillis, 1994), HAE (Hillis, 1994), MGZ (Kotler 
et al., 1976a,b, 1977), Tagnite (Bartak et al., 1995; Zozulin and Bartak, 
1994), Magoxid (COMA, 2001), ANOMAG (Barton, 1998; Barton ef al., 
2001) and Keronite (COMA, 2008), etc., because it can critically influence 
the coating composition, microstructure and performance. For example, 
although the Dow17, HAE and Tagnite anodized coatings are all porous, 
due to the different bath solutions used in these processes, their pore size 
and distribution characteristics are quite different. Figure 16.8 compares 
Anomag and Tagnite coatings on ZE44 Mg alloy, showing their different 
microstructures and thickness. Anomag bath normally contains phosphate 
and ammonia while Tagnite uses silicate and fluoride. 

The effect of electrolyte on the characteristics of oxide coatings on Mg 
alloys has previously been studied (Barton, 1998; Fukuda and Matsumoto, 
2004; Hsiao and Tsai, 2005; Khaselev et al., 1999). In early studies, anodizing 
electrolytes mainly contained chromic acid or fluoride (Ono and Masuko, 2003; 
Zhang et al., 2005). Recent research focused on chromate-free electrolytes, 
such as alkaline solution with additives such as phosphate, silicate, borate 
and organic substances (Cai et al., 2006; Sharma et al., 1997; Wu et al., 
2007). The effect of electrolyte on anodizing behavior aimed at improving 
coating quality is an important topic in investigations (Barton and Johnson, 
1995; Hagans, 1984; Khaselev and Yahalom, 1998a; Khaselev et al., 1999, 
2001; Kotler et al., 1976b, 1977; Takaya, 1987, 1988, 1989b; Takaya et al., 
1998; Zozulin and Bartak, 1994). 

Although the influence of anodizing electrolyte on anodizing of Mg alloy 
is complicated, some common knowledge has been gained from existing 
studies. Generally speaking, some constituents from an anodizing electrolyte 
can be combined in the anodized film (Hillis, 2001; Ono ef al., 2003; Ono 
and Masuko, 2003; Takaya, 1989a). If an anodizing bath contains aluminates, 
then aluminum can normally get into the anodized coating (Khaselev and 
Yahalom, 1998b) as a significant component. The form of the aluminum in 
the coating is likely to be magnesium aluminate, combined with magnesium 
oxide and hydroxide. For example, when the electrolyte contains 1.1M 
aluminate, the films on Mg are mainly composed of a single oxide phase 
— MgAl1,O, spinel (Khaselev ef al., 1999). Verdier further confirmed that 
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16.8 Cross-sectional microstructures of (a) Anomag and (b) Tagnite 
coatings. 


the Al content in the film was a function of the aluminate concentration in 
the anodizing electrolyte (Verdier et al., 2004). The addition of Al(NO3)3 
into a 3M KOH+0.21M Na3PO,+0.6M KF base electrolyte was found to 
contribute to a uniform sparking in anodizing AZ91 (Hsiao and Tsai, 2003). 
Without or with a low concentration of Al(NO3)3, a porous and non-uniform 
anodic film was formed. As the concentration of Al(NO3)3 was increased up 
to 0.15M, uniform and compact anodic films were obtained. The addition 
of Al(NO3)3 into the base electrolyte resulted in the formation of Al,O3 and 
Al(OH); in the anodic film. The maximum amount of Al,O3 was found in 
the anodic film when the alloy was anodized in an electrolyte containing 
0.15M Al(NO3)3. However, the film thickness decreased as the concentration 
of Al(NO3)3 was increased. 
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Addition of fluoride, aluminate, phosphate or tetraborate to the electrolyte 
solution results in a mixed composition of various magnesium compounds 
in the anodized layer (Barton and Johnson, 1995). The presence of sodium 
fluoride in a bath solution leads to improved surface texture and opacity, 
but does not affect the thickness significantly (Shi et al., 2003). Citrate in 
the electrolyte is helpful in controlling sparking process, and preventing pit 
formation during sparking. Iodide is a damaging electrolyte and can lead 
to uncontrolled pitting. Barton (Carter et al., 1999) reported that certain 
electrolytes including aluminate and tetraborate could influence the coating 
thickness and microstructure, while other electrolytes, such as fluoride and 
phosphate, contributed to the color, opacity and uniformity of the coating. 
Tetraborate contributes both to coating thickness and colour, and lowers 
sparking voltage (Shi et al., 2003). Kotler et al. (1976a, 1977) investigated 
an anodizing process on magnesium using an alternating current in an 
aqueous solution comprising chromate, vanadate, phosphate and fluoride 
and found that the coating was better than the earlier magnesium anodized 
coatings DOW17 (Hillis, 1994) and HAE (Abulsain et al., 2004) in terms 
of the corrosion resistance and wear resistance. 

Obviously, in an anodizing bath, anions play a critical role in anodizing. 
The effects of Si0;7, PO}, MoO? and AlO3 on anodizing behavior have 
been compared (Chai et al., 2008). Among the selected oxysalts, sodium 
silicate could contribute to formation of an anodic film with the best anti- 
corrosion property, and the different concentrations of sodium silicate 
would cause the change of anodic film structure. Ma et al. (2004) showed 
that anodized coatings formed in Na,HPO, solutions had better corrosion 
resistance than those produced from Na,SiO; solutions, and the latter had 
slightly better erosion resistance than the former. They have different 
phase composition and corrosion failure processes (Cai et al., 2006). 
Phosphate, fluoride and borate additives were reported to be beneficial to 
the improvement of corrosion resistance of anodized films on Mg alloy 
produced in silicate-based solutions (Duan et al., 2007). Fluoride and 
phosphate were useful to enhance the corrosion resistance of inner layer 
of anodized films, while borate contributed to the growth of anodized film 
on Mg alloy. 

Apart from inorganic chemicals in the anodizing bath, some organic 
additives can also influence the anodizing process and coating quality. For 
example, the addition of silica sol increased the thickness of the anodic film 
and improved the roughness of the film surface (Li et al., 2006), and the 
anodic film formed in the electrolyte with addition of silicon—aluminum sol 
was more uniform and compact (Zhu and Liu, 2005). Titania sol can also 
lead to more uniform morphology with fewer structural imperfections and 
better corrosion resistance (Liang et al., 2007). 

Furthermore, anodizing of magnesium is even possible in organic electrolytes 
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as demonstrated by Asoh and Ono (2003). In triethylamine/ethylene glycol 
solution, layers with transparent appearance and excellent corrosion resistance 
were obtained in the region between 10-40% of water content. However, 
the water content strongly affected the formation of the anodic film. Above 
10% water content, a compact, transparent and enamel-like barrier-type film 
structure was observed. At higher water contents, the films became opaque 
and lost their good corrosion resistance. The properties were related to the 
incorporation of organic species (C, N, O) into the layer. 

The solution temperature has a negative effect on the anti-corrosion 
property of an anodized film. This is probably because the large quantity of 
heat caused by sparking could not be released effectively (Chai et al., 2008) 
when anodized at a higher temperature. 


16.4.3 Influence of the substrate 


Different Mg alloys have slightly different anodized films in the same bath 
solution. It has been reported (Hagans, 1984) that the coatings formed on 
Mg-Al alloys in a borate solution are enriched in aluminum compared with 
the base alloys and the increase in aluminum content in the alloy is beneficial. 
The enrichment of aluminum in the anodized coating becomes more evident 
with increasing aluminum content in the substrate alloy. It has also been 
found that the anodized coating formed on Mg—Al alloys in a bath containing 
aluminates is composed of MgAI1,O, spinel and that on intermetallic Mg,7Al1, 
(B-phase) comprised y-Al,0O3 and MgA1,O, (Bonilla et al., 2002a,b; Clapp 
et al., 2001; Verdier et al., 2004; Wright et al., 1999). 

The difference in substrate can affect the anodizing behavior, which can 
be directly reflected by an anodizing voltage curve. Ono and co-workers 
(Ono and Masuko, 2003; Ono et al., 2003) found a difference in anodizing 
behavior under a potential control mode between AZ31, AZ91 and pure Mg in 
3M KOH, 0.6M KF and 0.2 M Na3PO, (pH 13) at 29.8 °C; the peak current 
at 5 V decreased with increasing Al content of the substrate; and the critical 
breakdown voltage was 60 V for 99.95% Mg, 99.6% Mg and AZ31B, but 
70V for AZ91D. Figure 16.9 shows that an Al-free alloy appears to have a 
lower anodizing voltage than an Al-containing alloy under a current control 
mode. 

To some degree, even the microstructure of an anodized coating is dependent 
on the substrate, too. Figure 16.10 shows the different microstructures of the 
anodized coatings formed on ot-matrix (Mg—1Al) and B-phase (Mg-41 Al). 
It seems that the coating on the B-phase is more porous than the one on the 
i-phase. 
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16.10 SEM images of the anodized coatings on (a) Mg-1Al (a-phase) 
and (b) Mg-41AlI (B-phase) (Shi et a/., 2005). 


16.5 Anodizing mechanism 
16.5.1 Anodizing reactions 


The formation of an anodized coating on a Mg alloy is a result of electrochemical 
and chemical reactions between the Mg alloy and an anodizing bath solution 
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at an anodizing voltage (Barton and Johnson, 1995). The anodizing process 
of a Mg alloy includes complicated reactions between the alloy and the 
bath electrolyte. 

Generally speaking, the electrochemical decomposition reaction of water 
occurs and oxygen from the anode and hydrogen from the cathode are 
generated before sparking. The intensity of the electrolysis reaction varies 
widely, depending on the electrolyte composition. Oxygen evolution from 
the anode is initially vigorous, then decreases with time as if the magnesium 
anode were somewhat passivated before sparking occurred (Barton and 
Johnson, 1995). When the voltage increases above a certain potential (also 
called initial sparking potential), sparking begins and a complex coating is 
generated with the arc travelling randomly over the surface. At the same time, 
oxygen evolution becomes more intense, because the evolution mechanism 
changes from electrochemical to chemical decomposition of water. 

An anodizing process should include at least oxidation of the substrate 
Mg alloy, oxygen evolution and heat-decomposition of some electrolytes 
(e.g. aluminate, silicate and borate). The anodized coating on a Mg alloy is 
a mixture of the products from anodizing reactions, such as oxides and salt 
deposits of the parent metals and other high temperature decomposed oxide 
deposits from the solution (Avedesin and Baker, 1999). For example, during 
a Magoxid anodizing process (Kurze, 1998), at higher potentials (>100 V) 
the barrier layer is locally destroyed by injection of charged particles. The 
charge transfer and the diffusion of metal ions cause heat, and the release of 
energy is high enough to start the plasma chemical processes (gas discharges) 
in the metal surface/gas/electrolyte interfaces. Discharge channels are formed 
between the electrolyte/gas film (quasi cathode) interface and the metal 
surface (anode). This kind of arcing generates plasma similar to ionization 
of oxygen, melting and oxidizing the metal surface. Simultaneously, areas 
close to the discharge channels are thermally activated. Hence, on the entire 
surface a large number of partial anodes form, converting the whole surface 
into Mg oxide. 

To further illustrate the anodizing mechanism and the reactions involved in 
Mg anodization, an anodizing process of a Mg alloy in a silicate containing bath 
is analyzed as an example (Shi, 2005; Shi et al., 2003, 2005, 2006a,b,c). 


First stage (stage I) 


The anodizing voltage increased linearly with time. Dissolution of Mg, 
formation and deposition of Mg(OH), and MgSiO3 and oxygen evolution 
occur. The possible detailed reactions include: 


4OH- @ 2H,0 + 0, + 4e7 16.1 
Mg @ Mg”* + 2e7 16.2 
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Mg”* + 20H’ @ Mg(OH), 5 16.3 
Mg** + SiOF @ MgSiO; = 16.4 


The electrochemically evolved oxygen is the main component of the gas from 
the anode in the alkaline silicate solution. The evolution of oxygen from 
the anode in anodizing has been reported in previous work (Khaselev and 
Yahalom, 1998a,b; Khaselev et al., 1999). It is not surprising for oxygen to be 
electrochemically evolved at such a positive potential from an electrochemical 
point of view. In practice, the oxygen evolution was not significant in this stage 
because the overall voltage was mainly distributed in the bath solution and 
thus only a relatively small potential drop is distributed across the interface 
of electrode and solution where reaction (16.1) takes place. 

Reactions (16.2) and (16.3) have been reported by Mizutani et al. (2003) 
to result in a film formed at a low anodizing voltage in alkaline solution 
consisting of Mg(OH),. Mg is first dissolved in solution and then deposited 
with hydroxyls on the electrode surface to form the primary coating. The most 
important evidence for reactions (16.3) and (16.4) is the chemical composition 
of the coating formed in this stage. This is determined by reaction (16.2). The 
X-ray photoelectron spectroscopy (XPS) results of the coating formed in this 
stage show that the coating contains Mg(OH), and MgSiO3. The postulation 
of reaction (16.3) is inspired by Khaselev’s work (Khaselev et al., 2001) in 
which MgAI,O, was found to be the composition of the anodized coating in 
an aluminate containing solution. Most of the anodizing current in this stage 
is consumed by the reaction (16.2) because reaction (16.1) is insignificant. 
The formed coating in this stage is thin because the anodizing time is only 
a few seconds. 


Second stage (stage II) 


The anodizing voltage further increases to about 190 V. Within this potential 
range, evolution of some tiny gas bubbles was observed. There was no 
sparking. It is postulated that in addition to anodizing reactions (16.1), (16.2), 
(16.3) and (16.4), another reaction starts to take place: 


Mg + 20H © MgO + H,0 + 2e7 16.5 


This is an electrochemical reaction resulting in coating formation directly. 
Mg is directly electrochemically oxidized into MgO. 

Mizutani et al. (2003) reported that the anodized coating on Mg alloys 
formed at 60 V in an alkaline solution contained a mixture of magnesium 
hydroxide and magnesium oxide which has been confirmed by X-ray diffraction 
(XRD) analysis. Therefore, the involvement of reaction (16.5) in this stage is 
reasonable. The reasonability of reactions (16.3), (16.4) and (16.5) involved 
in this stage of anodizing can also be supported by experimental results. For 
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reaction (16.4), magnesium silicate has been found by XPS analysis in the 
anodized coating. Moreover, the limited oxygen evolution observed in this 
stage indicates that reaction (16.1) is still slow in the second stage of the 
anodization. The high-resolution XPS results imply Mg(OH)2, MgO and 
MgSiO; in this stage. 


Third stage (stage II) 


The anodizing voltage continues to increase to about 330V. The most 
significant phenomena in this stage are uniform sparking and significant gas 
evolution from the anodized specimen surface. It is postulated that reactions 
(16.1), (16.2), (16.3), (16.4) and (16.5) continue in this stage and at the same 
time the following new reactions also occur: 


2Mg + 0,0 2MgO = 16.7 


In other words, the new reactions are mainly chemical precipitation processes. 
Reaction (16.6) is a dehydration process that can occur when temperature is 
higher than 350 °C (Weast, 1976-1977). It has been reported (Yahalom and 
Zahavi, 1971) that the temperature of the sparking arc during the anodization 
of Mg alloys was far above 1000 °C. Because of the sparking in this stage, 
some local areas where sparking occurs can easily exceed this dehydration 
temperature. However, not all the Mg(OH), was changed into MgO. High- 
resolution XPS results show that there is still some Mg(OH), in the coating. 
At the high temperature, direct oxidation of magnesium is also possible, 
particularly with the active oxygen freshly generated by reaction (16.1). 
Therefore, reaction (16.7) is proposed in this stage of anodizing, and this is 
proved by the increased amount of MgO in the coating in this stage. 


Fourth stage (stage IV) 


After the cell voltage is over 330 V, oxygen evolution becomes vigorous, and 
sparking much more intense and localized. It is proposed that the following 
two reactions are also involved in the fourth stage of anodizing in addition 
to the reactions listed above. 


MgO + yMgSiO; @ (MgO),-(SiO,), 16.8 
2H,0 @ 2H, T+0,T 16.9 


Reaction (16.8) is supposed to be a melting and solidification process of MgO 
and MgSiOs; in the coating in the sparking spots. In fact, at high temperatures 
during sparking, the anodized coating could be locally melted by sparking 
spots and mixed together with some components or decomposed products 
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of the bath solution, then rapidly solidified to reform coating. The melting 
points of MgO and MgSiO; are 2852 and 1910°C, respectively (Weast, 
1976-1977). Under a very intense sparking condition, some sparking arcs 
may generate sufficient heat to melt coating and the components of the bath 
solution in some particularly confined local sparking areas. The sparking 
cannot last long. It stops shortly, and thus the melted coating is rapidly 
cooled by the surrounding solution. In this way, the coating deposited in the 
first three stages is locally melted by sparking to form a thick and coarse 
coating. The significant increase in the ratio of Si/Mg in the coating formed 
in stage IV can be interpreted as the significant deposition of the silicates 
from the bath solution directly into the coating through the melting and 
solidification process. 

The dramatically increased gas evolution in this stage cannot be simply 
ascribed to the electrochemical oxygen evolution. Thermal decomposition 
of water, reaction (16.9), should be considered. The normal thermal 
decomposition temperature of water was reported to be over 2000 °C (Brown 
et al., 2002). Since the temperature of the sparking arc during the anodization 
of magnesium alloys was reported to be far above 1000°C (Yahalom and 
Zahavi, 1971), the possibility exists that in some particular areas where the 
sparking is extremely intense, the local temperature becomes high enough 
to decompose water. This postulation is further verified by the anodizing 
current efficiency calculated below. 

Based on the above model, the changes in the anodizing voltage, sparking, 
oxygen evolution, thickness, composition and microstructure of the coating 
will be explained as follows. 


16.5.2 Anodizing voltage and coating growth 


In the initial stage, the coating resistance increases with the formation and 
thickening of the anodized coating. The coating formation reactions (16.3) 
and (16.4) determined by reaction (16.2) should be proportional to the 
anodizing current density. Hence, at a constant anodizing current density, 
the film thickness increases linearly with time, and the increasing rate should 
be proportional to the anodizing current density. 

In the second stage, the coating resistance continues to increase with the 
coating thickening. Therefore, the anodizing voltage also increases quickly in 
this stage. The thickness of the anodized coating continues to increase with 
the deposition of Mg(OH)», MgSiO; and MgO from reactions (16.3), (16.4) 
and (16.5). As pores start to appear in the coating, the coating becomes less 
dense than in the first stage. Therefore, the increase of anodizing voltage 
starts to deviate from the linear increasing tendency and becomes relatively 
slower. 

In the third stage, as the voltage is high enough to cause dielectric breakdown 
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of the surface coating and sparking starts, more reactions occur than in the 
second stage. Due to the local high temperature, all the electrochemical 
reactions (16.1), (16.2) and (16.5) involved in this stage become relatively 
easy. Meanwhile, because of the sparking resulting in porosity of the formed 
coating, the coating resistance cannot increase significantly, even though the 
thickness of the coating keeps increasing. Therefore, an even slower increasing 
rate of the anodizing potential can be observed in this stage. Since sparking 
results in significantly increased deposition of Mg oxides, film thickening 
is evident in this stage. Dramatic potential oscillation always accompanies 
sparking behavior in this stage. For example, during sparking the potential 
oscillating randomly in the range of 60 to 90V is often seen. This can be 
explained by the film breakdown and repair during sparking. Wright ef al. 
(1999) anodized pure magnesium and some alloys of magnesium in alkaline 
solutions, using constant applied current, and found that the potential increased 
linearly with time to about 70 V as a thin barrier film grew on the metal 
surface. The electric field in the barrier film was found to be 9 010° V/m and 
there was no variation of field with the applied current. When the barrier film 
reached a critical thickness of around 80 nm, the observed potential dropped 
abruptly to a relatively low value of about 10V. The potential then began 
to rise again linearly, until another sudden drop was observed. This pattern 
continued for a number of cycles, generating a sawtooth pattern of potential 
as a function of time. The abrupt drop in potential is due to the rupture of 
the barrier film, forming a porous secondary layer. This rupture is caused 
by the tensile stresses in the barrier film, which has a molar volume much 
smaller than the metal from which it is formed. 

When anodizing develops into the fourth stage, due to the intense sparking, 
relatively coarser pores are formed in the coating, which significantly decreases 
the coating resistance. So the anodizing voltage does not increase with time. 
The localized intensive sparking can cause rapid deposition of the coating 
in the local area. This significantly roughens the film and also leads to a 
thicker coating. 


16.5.3 Sparking and microstructure 


Although the bulk electrolyte temperature might be only 50°C, the local 
temperature in the plasma zone would probably be in excess of 1000 °C, which 
can lead to formation of ‘glassy’ or “ceramic” anodic coatings. The local 
high temperature can speed up reactions, such as deposition of the coating, 
gas evolution and oxidation of Mg alloy. It can also cause high-temperature 
decomposition of the components in the bath solution. 

The high local temperature in an anodic film is a result of an extremely high 
current density passing through the pores or defects in the film. These elevated 
temperatures cause vaporization of the electrolyte and plasma formation in 
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localized areas on the surface. The plasma or sparking in return produces 
even more heat and much higher temperatures locally. Nykyforchyn et al. 
(2003) investigated the plasma formation. Several hundred volts was applied 
to a metal—electrolyte system, resulting in electric discharges. Consequently, 
plasma develops in discharge channels and oxide deposition occurs on the 
metal surface. The density of the plasma electrons was determined to be 
n, ~10” m™ and the plasma electron temperature during the synthesis of 
oxides in the electrolyte plasma of spark discharges was T. ~ 104K. The 
calculation of temperature distribution in the spark zone suggests that the 
temperature in centre of the spark zone can be higher than the melting point 
of MgAI,O,; that should be a reason for the porous morphology of anodic 
films formed under continuous sparking (Khaselev et al., 2001). 

Sparking is normally involved in an anodizing process at high voltages. 
Magnesium is observed to exhibit spark discharges that move randomly 
over the surface. The sparking could start from some ‘weak’ sites of the 
film formed in the second stage, such as thin areas or areas with defects 
or pores. At a sparking spot, the sparking has two consequences. First, the 
dielectric breakdown during sparking results in pores. The direct evidence 
for this is the porous morphology of the formed coatings in this stage. As 
the sparking becomes more intense with increasing cell voltage, the pore size 
and the porosity of the coating increase. Second, the high local temperature 
resulting from sparking can to some extent consolidate the coating and seal 
the pores caused by dielectric breakdown of the coating. The heat generated 
by sparking could melt the coating surrounding the sparking spots. After the 
sparking stops at those spots, the melted coating rapidly solidifies there. This 
leads to the overlapped pearl-like morphology surrounding the pores and to 
some extent sealing the porosity of the coating. Therefore, it is difficult for 
sparking to reoccur in a sparked spot. It always travels or occurs randomly 
over a Mg surface. In some cases, after intense sparking causes too large a 
pore or damaged area in an anodized coating, sparking and anodizing will 
stop, because the large pore or damage area will allow the passage of all the 
anodizing current through (all the anodizing current will be leaking through 
there) and thus a sufficiently high potential drop across the interface between 
the specimen and solution cannot be sustained for sparking. This is why 
the anodizing voltage sometimes suddenly drops to a very low value and 
sparking stops after a couple of blinding flashes on the specimen surface in 
practical anodizing. 

Since the porosity of an anodized coating formed at high voltage results 
from sparking, the intensity of the sparking process can to a great extent 
determine the coating porosity. If the intensity of sparking is low, the anodized 
coating is formed slowly. Correspondingly, the sparking area is small and 
the breakdown and melting reaction are not severe. As a result, the coating 
microstructure becomes fine and compact because the pores formed during 
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the sparking process were small. On the other hand, more intense sparking 
can lead to a thicker, coarser and more porous anodized coating. All of these 
expectations have been proved by SEM observation of the microstructure. 


16.5.4 Oxygen evolution and anodizing efficiency 


Oxygen evolution is found to occur after the cell voltage exceeds 3 V (Shi, 
2005; Shi et al., 2005, 2006a,b), and its rate increases with voltage. The trend 
of oxygen evolution dramatically accelerates after the anodizing develops 
into sparking stage, indicating that different reactions are responsible for 
the evolved gas before and after sparking. Before sparking, the evolved 
oxygen simply results from electrochemical decomposition of water (16.1). 
However, in the sparking stage, thermal decomposition of water (reaction 
(16.9)), is the major reaction responsible for the gas evolution. The gas 
evolution caused by the thermal decomposition of water is dependent on 
the heat or temperature. At a high temperature, the rate of the gas evolution 
can be very high. 
The current efficiency can be defined by: 


= % 100% 16.10 
At 


where /; is the total applied current and /; is that part of the total current 
resulting in film formation. If it is assumed that the by-product forming 
reaction is simply the production of oxygen by the reaction (16.1), then J 
may be estimated from: 


Raia J5, 16.11 


where Io, is the rate of electrochemical evolution of oxygen (reaction (16.1)). 
Hence, 

N= fr Toy x 100% 16.12 

ly 

Theoretically, /o,, the electrochemical evolution of oxygen, cannot be greater 
than /;. If the anodizing efficiency is calculated based on an assumption that 
the evolved gas is electrochemically evolved oxygen, a negative efficiency 
could be obtained. In other words, a negative 7 means a non-electrochemical 
evolution of gas involved in the anodizing process. 

Figure 16.2 shows that the anodizing efficiency decreases with the 
increasing cell voltage, particularly in the fourth stage down to a negative 
value. It confirms that in the fourth stage (an intense sparking stage), a 
non-electrochemical gas evolution mechanism starts to operate. This non- 
electrochemical process is the thermal decomposition of water due to the 
intense sparking in this stage. 
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16.6 Corrosion of anodized magnesium (Mg) alloys 
16.6.1 Corrosion performance 


An anodized Mg alloy is much more corrosion resistant than an un-anodized 
one. A commercially anodized Mg alloy without any post-treatments or 
sealing can survive in standard salt spray (ASTM B117) for about 400-600 
hours. Figure 16.11 presents the corrosion performance of a recently 
developed anodized coating (Song, 2004), which shows that the anodized 
AZ9I1D survives in 5 wt% NaCl environments for one month and no obvious 
corrosion damage can be visualized on the surfaces. 

The corrosion of an anodized coating usually starts from tiny pitting 
corrosion and then progresses into localized or filiform corrosion. For 
example, in a 5% NaCl solution, specks and pits can be seen on the surface 
of an anodized AZ91D specimen after 16 hours of immersion; after 88 hours, 
the specks become larger and develop into localized corrosion and filiform 
corrosion (Shi et al., 2006b). According to the corrosion morphologies of 
anodized AZ91D in 5 wt% NaCl, the corrosion resistance of the anodized 
coating formed at stage IV is better than that formed at stage III, which can 
mainly be ascribed to the larger thickness of the coating formed at stage 
IV. 

The corrosion performance of an anodized magnesium alloy depends on 
the corrosion performance of the substrate alloy. For example, the corroded 
areas of the anodized commercial alloys are measured and plotted versus the 
corrosion rates of these alloys in Fig. 16.12. There is a good correlationship 
in corrosion damage degree between the anodized specimens and the 
corresponding un-anodized alloy. 


Initial 


30 days 


Spray Immersion Immersion Spray Spray Immersion 


16.11 Corrosion damage of anodized AZ91D (Song, 2004) after 5 wt% 
NaCl immersion and salt spray. 
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16.12 The corroded area ratio of the anodized specimens vs. the 
corrosion rate of the substrate alloy under 5 wt% NaCl immersion 
condition (Shi, 2005). 


16.6.2 Protectiveness of an anodized coating 


The penetration of corrosive species through the anodized coating is a critical 
step to the corrosion performance of an anodized Mg alloy if the coating is 
relatively compact. The corrosion resistance of a coated electrode should 
mainly be determined by the resistance of the coating to the corrosive species 
penetration. However, for a porous anodized coating on a magnesium alloy 
(Blawert et al., 2006; Shi et al., 2005, 2006a,b,c), the ingress of aggressive 
ions through the pores or defects in the coating to the substrate/coating 
interface would not be too difficult. In this case, both the resistance of the 
coating to the ingress of corrosive species and the resistance of the substrate/ 
coating interface to corrosion would be responsible for the corrosion of the 
anodized alloy. The main role of an anodized coating is to retard the ingress 
of corrosive species and delay the corrosion of magnesium alloys, which is 
termed as ‘retarding effect’ in this study. 

In an anodized coating, not all the pores are through from the top 
surface of the coating to the substrate/coating interface. The cross-sections 
of the anodized coatings (Figs 16.5 and 16.8) indicate that the possibility 
of through-pores is in effect not very high. Although the porosity of an 
anodized coating appears to be high, most of the pores are discontinuous 
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and the number of the through pores is very small. There may be a dense 
inner layer in an anodized coating next to the substrate (Blawert et al., 
2006), but this layer could be too thin to be observed in this study, and it 
could be in nature similar to the surface film spontaneously formed on a 
Mg alloy, which might be more conveniently considered as a surface layer 
of the substrate, rather than a layer in the anodized coating. In the event that 
a corrosive solution finally reaches the substrate/coating interface through 
the small number of the through pores, the actual total area of the substrate 
exposed to the aggressive solution at the bottom of the through pores is very 
limited. Therefore, an anodized coating can effectively restrict the area of 
the substrate Mg alloy exposed to corrosive solutions, which is called the 
‘blocking effect’. 

Apart from retarding the ingress of corrosive species and blocking the 
exposed substrate of the alloy to solution, the most important effect of an 
anodized coating is suppressing the substrate surface defects or active points 
that are susceptible to corrosion. It is well known that the corrosion of metals 
normally starts from some active or defective sites. For Mg alloys, the active 
sites can be grain boundaries or grain central areas (Song, 2005a) depending 
on their alloying elements. During anodizing, these active areas are likely 
anodized preferentially. If there is an anodized coating on a Mg alloy, the 
chance of the active sites to be right at the bottom of the through pores will 
be extremely low. In other words, even after corrosive solution has arrived 
at the substrate/coating interface underneath a through-pore, it is unlikely 
that the substrate at the bottom of the through pore happens to be an active 
or defective site. By this mechanism, the corrosion resistance of the substrate 
alloy at the bottom of the through pore should be much higher than the alloy 
without an anodized coating. Therefore, the presence of an anodized coating 
on a magnesium alloy will eliminate or suppress most active or defective 
sites. This is a kind of ‘passivating effect’. 

In summary, it is proposed that anodizing can improve the corrosion 
resistance of a magnesium alloy through three different mechanisms: (1) 
retarding effect, i.e. slowing down the ingress of corrosive ions, (2) blocking 
effect, reducing the possibility or the area of magnesium alloys directly 
exposed to corrosive media, and (3) passivating effect, i.e. suppressing the 
active sites for corrosion. 


16.6.3 Corrosion model of an anodized Mg alloy 


The ingress of corrosive ions into an anodized coating through its pores is 
not a slow process for a porous anodized coating. After corrosive ions reach 
a critical concentration threshold at the film/substrate interface and trigger the 
corrosion of the substrate Mg alloy, the corrosion of the anodized magnesium 
starts. Mg is dissolved into the solution in the pores, which gradually makes 
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the solution saturated with Mg(OH), due to the dissolved Mg”*. Thus, the 
substrate magnesium alloy is actually mostly exposed to a Mg(OH), saturated 
solution in the through pores, and the corrosion of an anodized Mg alloy in 
this sense can be simply regarded as the corrosion of a very small surface 
area of the alloy in a Mg(OH), saturated corrosive solution. 

After corrosion starts at the bottom of the through pores of an anodized 
coating, the corrosion will further penetrate and spread out from there, leading 
to collapse of the adjacent coating due to the expansion of the corrosion 
products. In this stage, the corrosion of an anodized coating covered substrate 
is in nature similar to the corrosion of the substrate alloy un-anodized. 

Based on the above analyses, the typical microstructure and corrosion 
initiation of an anodized coating can be schematically illustrated as in Fig. 
16.13. 


16.6.4 Explanation of corrosion behavior 


According to the corrosion mechanism, a porous anodized coating can only 
slow the ingress of aggressive species, reduce the areas of the substrate exposed 
to a corrosive solution and suppress the defective sites of the substrate for 
corrosion. All these are dependent on the porosity or more specifically the 
number of the through-pores in the anodized coating. It implies that a porous 
anodized coating itself may only slow down the corrosion and mitigate the 
corrosion damage, but not prevent the corrosion of the anodized Mg alloy. 
A decrease in porosity or the number of the through-pores of an anodized 
coating is the most effective way to improve its corrosion resistance. Sealing 
and top-coating with a primer or paint are effective ways of reducing the 
porosity or the number of the through-pores. It has also been found that the 
applied anodizing current density can significantly alter the porosity of an 
anodized coating and thus the corrosion resistance of an anodized Mg alloy 
(Shi et al., 2006b). 

The thickness also affects the penetration of corrosive solution due to its 
retarding effect and blocking effect. The ingress of corrosive solution into a 
thicker anodized coating is more difficult or slower than into a thinner coating. 
Moreover, the thickness of an anodized coating can affect the number of 
the through-pores; a pore is more likely blocked or becomes discontinuous 
somewhere in a thick coating than in a thin one. Therefore, a thick anodized 
coating is usually more corrosion resistant than a thin one. Therefore, when 
the Anomag coating was found to be thinner than Tagnite under a certain 
anodizing condition (see Fig. 16.8), it displayed relatively lower corrosion 
resistance under atmospheric exposure conditions (Song et al., 2006). 

Another implication of this corrosion model is the influence of the 
substrate on the corrosion resistance of an anodized Mg alloy. According 
to the corrosion model, after the corrosive solution reaches the film/Mg 


© Woodhead Publishing Limited, 2011 


‘Aoyje wunisaubew 
ds 


ee JU] UOISO1I09 (9) 


: Sear) 
enti Mk 
“Sih st ware 


6Buljeoo 


ai a 2 
ae? Y 7 
art 
tet 
Y 
a 


se | 
a"? 
7 

Ae * , 
sees oye Aaytty ee. 
EY at ae 


- 
Zi. 
~) 
, | 
» 
oy 


Tent oa iy a a 


aa Ceti! 


596 Corrosion of magnesium alloys 


interface, the corrosion resistance of the substrate will directly influence 
the corrosion behavior of the anodized Mg alloy. As mentioned earlier, the 
porous anodized coating cannot very effectively retard and block the ingress 
of corrosive species. The corrosion performance of an anodized Mg alloy 
should be to a great extent determined by the passivating effect, which is 
closely related to the intrinsic corrosion resistance of the Mg alloy. Therefore, 
the corrosion of anodized Mg alloys can be significantly affected by the 
corrosion resistance of these alloys before anodizing (see Fig. 16.12). It has 
been found that the corrosion resistance of anodized AZ91 was better than 
that of anodized AZ31 (Kotler et al., 1977), because AZ91 alloy in general 
is more corrosion resistant than AZ31. 

Strictly speaking, the surface of a magnesium alloy is not uniform. The 
anodized coating in different areas of the surface could be different in 
property. Therefore, the corrosion performance of an anodized Mg alloy can 
have different corrosion resistance in different areas. For ZE41, the grain 
boundaries are less corrosion resistant than the grain central areas before 
anodizing (Fig. 16.14(a)). In other worlds, the defective sites of the alloy 
are mainly distributed along the grain boundaries. After anodizing, if there 
happens to be some through-pores in the anodized coating formed over the 
grain boundaries, then the anodized alloy will be preferentially corroded 
there. That is why the anodized ZE41 still preferentially corroded along its 
grain boundaries and has corrosion morphology in microstructure similar to 
the un-anodized ZE41 (Fig. 16.14(b)). Along some of the grain boundaries 
or the secondary phases, corrosion penetrates deeper into the substrate. 

As the coatings on a and B-phases are porous (see Fig. 16.10), once the 
corrosive media penetrate the coating through the pores or the broken area 
and arrive at the substrate, the galvanic effect between the a and B-phases will 


, 


(a) (b) 


16.14 Optical photo of the cross-sections of (a) un-anodized ZE41 
after 75 hours of immersion in 5 wt% NaCl solution and (b) Anomag 
anodized ZE41 after 20 hours in Mg(OH), saturated 0.1 wt% NaCl 
solution. 
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bs Corroded area 


16.15 Corrosion damage of anodized Mg-10wt% Al two-phase alloy 
immersed in 5 wt% NaCl solution (Shi et al/., 2005). 


govern the corrosion of the anodized Mg alloy, although the galvanic effect 
is to a certain extent mitigated by the coating. In this sense, the corrosion 
mechanisms of the anodized and non-anodized Mg—Al alloys are similar, 
governed by the galvanic current density between the o and B-phases, and the 
distribution of the B-phase in a substrate Mg alloy can affect the corrosion 
of the anodized alloy. The most likely or serious corrosion zone should be 
in the & matrix adjacent to B phase, which has been experimentally observed 
(see Fig. 16.15). 


16.6.5 Electrochemical behavior 


An un-anodized Mg alloy and its anodized counterpart usually display 
similar polarization curves in the same (CI containing) corrosive solution, 
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except that the latter has lower polarization current densities and a more 
positive breakdown potential (Shi et al., 2005) than the former. An example 
is provided in Fig. 16.16. 

According to the corrosion model proposed above, the anodic polarization 
of the anodized ZE41 should be mainly the dissolution of the substrate at 
the bottom of the through-pores in the anodized coating in response to an 
applied potential. The different passive current densities and pitting corrosion 
potentials of anodized ZE41 from unanodized ZE41 can be ascribed to the 
blocking effect and passivating effect of the anodized coating on ZE41. 
Because of the blocking effect, the anodic dissolution of an anodized Mg 
alloy can occur only in a very small area of the substrate at the bottom of the 
through-pores, so the passive current density is dramatically limited. At the 
same time, the passivating effect significantly reduces the number of active 
sites and thus leads to a lower passive current density. Therefore, the anodic 
or passive current density of an anodized Mg alloy is much lower than that 
of an un-anodized Mg alloy. Since passive sites normally have more positive 
pitting potentials than defective sites, the onset of pitting corrosion of an 
anodized alloy would be more difficult. In addition, at the pitting potential, the 
ohm potential (IR) drop caused by the anodic dissolution current or passive 
current flowing through the anodized coating is significant, which is added 
to the measured pitting potential. Therefore, the breakdown potential of an 
anodized Mg alloy appears to be more positive than that of an un-anodized 
Mg alloy. 
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16.16 Polarization curves for un-anodized ZE41 and anodized ZE41 in 
Mg(OH), saturated 0.1wt% NaCl solution (Song et al/., 2006). 
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The presence of an anodized coating on a Mg alloy can significantly alter 
the AC impedance behaviour of this alloy. For example, un-anodized ZE41 
in Mg(OH), saturated 0.1 wt% NaCl solution displays an AC impedance 
spectrum (EIS) containing two capacitive loops in the high- and intermediate- 
frequency ranges and an inductive loop in the low-frequency range (Fig. 
16.17(a)). Mg and AZ91D have also similar AC impedance spectra in a 
chloride-containing solution (Song ef al., 1997, 2004). For an anodized ZE41 
in the same corrosive solution basically, only one much larger capacitive 
loop in the high and intermediate frequency ranges and some inductive 
characteristic in the low-frequency range can be detected. 

The similarity of un-anodized ZE41 to Mg (Song ef al., 1997) and 
AZ91D (Song et al., 2004) in EIS suggests that the corrosion of ZE41 and 
AZ91D follows the same corrosion mechanism: the Mg alloy surface has 
a spontaneously formed surface film, but it has some broken areas; Mg is 
oxidized into Mg* and dissolved into solution from the surface film broken 
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16.17 A typical AC impedance spectrum of (a) un-anodized and 
(b) anodized ZE41 immersed in Mg(OH), saturated 0.1 wt% NaCl 
solution. 
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areas; Mg* further reacts with water to be oxidized into Mg”*. Based on this 
understanding, the electrochemical interpretation of the EISs of Mg and its 
alloys was given by Song ef al. (1997). The first capacitive loop in the high- 
frequency range can be ascribed to the charge transfer resistance R, and the 
capacitance C,), at the solution/Mg interface. The second capacitive loop in 
the mediate frequency range is attributed to the involvement of monovalent 
Mg* ions in the anodic dissolution at surface film broken areas. The inductive 
loop in the low frequency range is a result of the response of broken areas 
of the surface film to the applied potential or Faraday current density. 

For an anodized Mg alloy with a porous coating formed on its surface, 
according to the coating model (Fig. 16.13) proposed earlier, the anodized 
coating cannot change the electrochemical reactions involved in the corrosion 
of the alloy, but it can significantly reduce the rates of the reactions. The 
porosity of the anodized coating allows the penetration of aggressive solution 
through the coating and the arrival of the solution at the substrate surface. 
After this film breaks down by the corrosive solution in the through-pores, 
Mg is first oxidized into Mg* from the substrate Mg alloy and further 
reacts with water to form Mg”*. All these electrochemical reactions are the 
same as those on an unanodized Mg alloy. However, due to the blocking 
and passivating effects, the charge transfer step is significantly slowed 
down. Based on this, a corroding anodized Mg alloy can be depicted by 
an equivalent circuit as shown in Fig. 16.18. In the equivalent circuit, R, is 
solution resistance between the reference electrode and Mg alloy specimen; 
Cyjm 1S the capacitance between solution and magnesium substrate, which is 
equal to the coating capacitance for an anodized magnesium alloy; Reoating 18 
resistance of the anodized coating and its value is dependent on the coating 
thickness and porosity, particularly the number of through-pores; R, is the 
charge transfer resistance at the bottom of the through-pores of the anodized 
coating; Cyst and Ryg+ are pseudo-capacitance and resistance caused by the 
involvement of Mg* in the corrosion (Song et al., 1997); R; and L; are also 
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16.18 Equivalent circuit for corroding anodized Mg alloy. 
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pseudo-resistance and inductance resulting from breakdown of the surface 
film during corrosion (Song et al., 1997). 

Theoretically, a corroding anodized Mg alloy system with this equivalent 
circuit should have three time constants. On the Nyquist plane, there should 
be two capacitive loops in the high- and intermediate-frequency ranges and 
an inductive loop in the low-frequency range. In practice, the values of the 
components in the equivalent circuit may not be in suitable ranges. For 
example, when Reoating iS very large and Cy, is very small, the capacitive 
characteristic in the middle frequency range associated with the involvement 
of Mg* in corrosion can be overwhelmed by the coating related capacitive 
loop, and hence the displayed EIS on the Nyquist plane does not always have 
three clear loops, but simply one apparent capacitive loop in the high- and 
intermediate-frequency ranges and an inductive loop in the low-frequency 
range. 

The reasonability of the equivalent circuit for a corroding anodized Mg 
alloy can be verified by regressing it into a simple one for an un-anodized Mg 
alloy. Simply let Rooating = 0 and slight modify the values of other equivalent 
components; the equivalent circuit will represent the electrochemical processes 
of a corroding Mg alloy. As there is no coating between the substrate and 
solution, C,,, becomes larger. For a film-free substrate with more defective 
sites, R, should be considerably smaller. Certainly, the values of the other 
corresponding equivalent components Cyyg+, Ruigt, Ry and Ly for the unanodized 
alloy will be different from those of its anodized counterpart. After these 
modifications, the equivalent circuit produces an EIS spectrum with two 
capacitive loops in the high- and intermediate-frequency ranges and an 
inductive loop in the low-frequency range. 


16.6.6 Evaluation of corrosion resistance 


The corrosion resistance of most commercial anodized coatings is normally 
measured and compared according to salt spray test (ASTM B-117). In 
fundamental studies, the immersion corrosion test is also used to assess the 
corrosion performance of anodized coatings. The corrosion resistance of 
anodized Mg alloys is compared according to their corrosion damage degrees 
(corrosion morphologies) after the tests. For example, Fig. 16.19 shows the 
corrosion damage of anodized Mg and its alloys after immersion and salt 
spray, based on which it can be concluded that the anodized AZ91D is much 
better than the anodized Mg. 

However, both salt spray and immersion tests are time consuming and 
only provide the final corrosion damage information. A rapid method of 
evaluating corrosion performance of anodized coatings for Mg alloys is 
needed and electrochemical technique can serve this purpose. 

The electrochemical behavior of anodized Mg alloys has been measured 
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1cm 


(a) Anodized Mg immersed in 5 wt% 


NaCl for 23 hours (d) Anodized Mg exposed to 5 wt% 


NaCl salt spray for 23 hours 


(b) Anodized ZE41 immersed in (e) Anodized ZE41 exposed to 5 wt% 
5 wt% NaCl for 48 hours NaCl salt spray for 87 hours 


(c) Anodized AZ91D immersed in (f) Anodized AZ91D exposed to 5 wt% 
5 wt% NaCl for 48 hours NaCl salt spray for 87 hours 


16.19 Appearance of anodized Mg and alloys after salt immersion 
and salt spray tests (based on Shi et al., 2005). 


using cyclic voltammogram (CV) and following the EIS techniques. Anodized 
AZ91 and AMSO after exposure in salt spray for 21 days displayed different 
corrosion performance on their two side surfaces. The anodized coating on 
side B of the specimen was better than side A. There were a few corroded pits 
on side B, while side A was intact; side B was still under the protection of 
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the anodized coating while side A suffered from pitting or filiform corrosion. 
Figure 16.20 shows the CV polarization curves of anodized AM50 measured 
in 5% NaCl solution after 21 days of salt spray testing. 

The forward scanned curves show that the open circuit potential of the 
coating on side A was more negative than that of side B. For side A, the 
pitting potential is equal to the open circuit potential on the forward scanned 
curve. For side B, the pitting potential is more positive than its open circuit 
potential before the coating breaks down. After forward scanning, the coating 
on side B was also broken, similar to the damage to side A. Therefore, the 
backward scanned curve of the polarization curve of side B is almost the 
same as that of side A. The anodic polarization current on the reversed 
curves is larger than that on the forward scanned curves due to the increased 
corrosion area of the anodized coating. The zero current potential of side A 
and side B is at the same position on the reversed curves. 

Figure 16.21 presents typical EIS spectra of an anodized coating before 
and after corrosion damage. The EIS of side A consists of a capacitance 
arc and an inductance arc, but only one large capacitance arc for side B. A 
single large capacitive arc means that the coating can be treated as a good 
barrier layer on the electrode, and hence indicates that the coating should be 
undamaged. An inductive arc at low frequencies should be an indication that 
localized or pitting corrosion is taking place. According to the equivalent 
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16.20 Polarization curves of anodized AM50 after 21 days salt spray 


testing. -LI- side A, corrosion damaged; -A- side B, no corrosion 
damage; OCP, open circuit potential; and PP, pitting potential (Song 
et al., 2006). 
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16.21 EIS of anodized AM50 in 5% NaCl solution after 21 days of salt 
spray testing (HF, high-frequency range; LF, low-frequency range; CP, 
capacitance loop; ID, inductance loop) (Song et al., 2006). 


circuit and the corrosion mechanism of an anodized Mg alloy proposed 
earlier, the inductive characteristic is closely associated with the breakdown 
of surface film and the initiation of corrosion. This interpretation is also 
consistent with the corrosion models of other film-covered metals (Cao, 
1990; Song, 2005b). Therefore, the inductive characteristic of an anodized 
coating should signify possible breakdown of surface film or initiation of 
the corrosion of an anodized magnesium alloy. Therefore, the EISs in Fig. 
16.21 imply that the anodized side B was in good condition and side A 
suffered localized corrosion. Furthermore, it can be seen that the diameter 
of the capacitive loop for the anodized coating on side B is several orders 
larger than that of side A. This further confirms that the anodized coating 
on side A was corrosion damaged while that on side B was not. 


16.7. Application examples 


Commercial anodized coatings without any sealing or post-treatments can offer 
a few hundred hours of protection for the substrate Mg alloy in a standard 
salt spray testing environment. Although an anodized coating is much better 
than a conversion coating or phosphated coating, it is rarely used alone for 
corrosion protection. More often, an anodized coating is used as a surface 
treatment to provide a base for top paint or coat. Sealing and post-treatments 
are strongly recommended for an anodized Mg alloy component for long 
service life when no organic coating is applied after anodizing. 


16.7.1 Sealing 


In principle, sealing is a process for species from a sealing solution to 
deposit on the anodized coating, particularly in the defective sites (such 
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as the pores and cracks in the coating) to seal the active points in order to 
prevent preferential dissolution in these sites or aggressive solutions from 
penetrating the coating to attack the substrate. Existing sealing techniques 
normally include immersing an anodized Mg alloy specimen in a phosphate, 
silicate or borate-containing solution to allow these anions to react with Mg 
or the coating and form low-solubility salts in the defect pores or cracks, 
thereby blocking the corrosion paths (Blawert et al., 2006). It is believed 
that sealing can significantly enhance the corrosion resistance of an anodized 
coating. 

The above-mentioned sealing techniques are usually a reversible process. 
Salts can be deposited or formed in the defect pores or cracks when the 
coating is immersed in a sealing solution that contains a high concentration 
of those anions. The deposited salts may be dissolved or leached from the 
pores or cracks in service environments where there are no high concentrations 
of those particular anions to stabilize the deposited salts. Therefore, the 
improvement of the corrosion resistance of an anodized coating by this kind 
of sealing technique is not very significant and the durability of the sealing 
effect cannot last long. 

Recently, an irreversible sealing process for anodized Mg alloys was 
reported (Song, 2009b), which was claimed to maintain a long-lasting corrosion 
resistant sealing effect. The deposition of sealant in the defect pores or cracks 
of an anodized coating is irreversible. The deposition mechanism has been 
systematically investigated and is believed to have chemical reactions similar 
to an E-coating process (Song, 2008, 2010; Song ef al., 2009). As long as 
the sealant is deposited in the defective sites, it becomes insoluble and very 
stable even if the environmental solution is significantly changed. 

A comparison in corrosion morphology between sealed and unsealed 
anodized ZE41 specimens after corrosion test is presented in Fig. 16.22. The 
entire surface of both specimens (a) and (b) was originally anodized. The 
right side of specimen (a) and the left side of specimen (b) are as-anodized. 
The left side of specimen (a) and the right side of specimen (b) were sealed 
after anodizing, which appear to be darker than the as-anodized parts. The 
bottom parts of both specimens (a) and (b) have been immersed in 5 wt% 
NaCl solution for 2 days. It is clearly shown that corrosion only occurred 
in the as-anodized surface. Particularly on specimen (b) corrosion stopped 
exactly before the edge of the sealed surface. No corrosion damage can be 
detected in the sealed sections after immersion. 

These corrosion results suggest that the sealing treatment can significantly 
improve the corrosion resistance of an anodized Mg alloy. In fact, this sealing 
technique can also be applied to a phosphated coating (Song, 2009a) to obtain 
improved corrosion performance. 
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16.22 Corrosion morphologies of anodized ZE41 half sealed after 
half-immersion in 5 wt% NaCl solution for 2 days (black and white, 
no color) (Song, 2009b). 


16.7.2 Organic top-coating 


More commonly, an anodized coating is used together with an organic 
coating, such as an E-coating or a powder coating on its top. This is because 
its porous feature favors the formation of these organic coatings. In fact, 
these organic coatings can very well penetrate into the pores, defective 
points and cracks in an anodized coating and greatly seal the anodized 
coating, resulting in a slightly smoother surface and significantly higher 
corrosion resistance than the original anodized coating. Figure 16.23 shows 
the cross-section of an anodized coating + E-coating system as an example 
to illustrate the beneficial sealing and bonding effect of an E-coating on a 
commercial anodized coating. 

A coating system consisting an anodized coating and an E-coating or a 
powder coating can usually survive in the standard salt spray test (ASTM 
B117) for a few thousand hours. In theory, this coating system should offer 
sufficient protection for Mg alloys. However, owing to the bad reproducibility 
and some unexpected defects in the coating system, premature failure can 
occur. Similar to organic coatings on other materials, the most common 
damage of such a coating system on a Mg alloy is still delamination. An 
example is given in Fig. 16.24. 


16.7.3 Corrosion rate control 


In some particular cases, we need to control corrosion rate rather than 
completely stop corrosion. For those applications, an anodized coating may 
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16.23 Cross-section of a commercial Tagnite anodized specimen with 
an E-coating on the top. 


be used alone without sealing or organic coating as a top-paint. An example 
is the control of degradation rate of Mg alloy as a biodegradable material. 
Magnesium is potentially a wonderful implant biomaterial because of 
its non-toxicity to the human body. Since rapid degradation is almost an 
intrinsic response of magnesium to a chloride containing solution (Song 
and Atrens, 2003), like the human body fluid or plasma, we can utilize 
its poor corrosion performance to make magnesium into a bio-degradable 
implant material (Song, 2007a,b, Song and Song, 2007; Song et al., 2007). 
Theoretically, a bio-degradable material should have a controllable dissolution 
rate or a delayed degradation process (Hassel et al., 2005). An implant made 
of such a material should fully function before the surgical region recovers 
or heals. After that, the implant should gradually dissolve, or be consumed 
or absorbed. Unfortunately, magnesium corrodes rapidly in simulated body 
fluids (Fonternier et al., 1975; Kaesel et al., 2003). The rapid biodegradation 
of magnesium can lead to a large amount of dissolved Mg”*, a large volume 
of hydrogen gas and remarkable local alkalization of body fluid in the 
human body. Therefore, a straightforward strategy to solve these problems 
is to control the biodegradation rate of magnesium, so that the human body 
would have sufficient time to gradually consume, adsorb or release those 
degradation products (particularly hydrogen) of magnesium. The control of 
corrosion rate can be realized through a corrosion-resistant coating. 
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16.24 Delamination of E-coating on an anodized AZ371 alloy. 


An example for such an application has been given by Song (2007b) 
who used an anodized coating containing less than 30% silicon oxides 
and hydroxides in addition to magnesium oxides and hydroxides which is 
hard, non-toxic, and in some sense similar to a ceramic layer. Although 
its microstructure is porous (Fig. 16.25(a)), it is corrosion resistant in the 
simulated body fluid (SBF) solution. From an undamaged anodized coupon 
(no scratch), no detectable hydrogen evolution was measured after one month 
testing (Fig. 16.25(b)). This means that the anodized coating can significantly 
delay the biodegradation process of Mg. 

However, this anodized coating may be too protective, which may lead to 
insufficient degradation and a magnesium implant with such a coating may not 
biodegrade within a designated period. Fortunately, the slow biodegradation 
process can be accelerated by slightly polishing the anodized surface, making 
it thinner or less perfect. The slightly faster hydrogen evolution process 
shown in Fig. 16.25(b) verifies this idea. 

Moreover, while implanting, the surface of an implant could be scratched. 
It was found that the degradation rate of an anodized coupon with a 
mechanically damaged corner was significantly increased (see Fig. 16.25(b)). 
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16.25 Anodized Mg: (a) microstructure of anodized coating and (b) 
hydrogen evolution from anodized coupons in the simulated body 
fluid (based on Song, 2007b). 


Nevertheless, if compared with an unanodized coupon, its biodegradation 
rate is still evidently low. 
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Corrosion of magnesium (Mg) alloys: 
concluding remarks 


G.-L. SONG, General Motors Corporation, USA 


Apart from the specific conclusions of the 16 chapters in Corrosion of 
Magnesium Alloys, more general statements about the corrosion behavior 
of magnesium (Mg) alloys can also be made as follows. 

Firstly, Mg has an electrochemistry unlike that of other conventional 
metals. Mg alloys thus display unique activity and passivity, as well as 
‘strange’ electrochemical polarization and dissolution behaviors. 

Secondly, the corrosion of an Mg alloy is the result of anodic dissolution of 
the matrix phase. The other phases in the alloy are relatively inert. However, 
their presence can significantly influence the dissolution of the matrix phase. 
Hence the chemical composition, the amount and the distribution of the other 
phases all play an important role in the corrosion of the alloy. Following 
this theory, the corrosion behavior of a Mg alloy is predictable after the 
electrochemistry of each phase constituent in the alloy is understood. For the 
same reason, the corrosion performance of an Mg alloy can be improved by 
modifying its chemical composition and microstructure through a metallurgical 
approach. Currently, the development of innovative alloys, including metallic 
glasses, is based on this idea. 

Thirdly, the corrosion performance of an Mg alloy is also particularly 
dependent on the environment. It may vary dramatically in different service 
environments. Some species in solution are now known to cause severe 
corrosion damage to Mg alloys, but there are still many ions that have 
unknown interactions with these alloys. Generally, an aqueous solution is 
more aggressive than an atmospheric medium. A non-aqueous liquid has an 
electrochemical behavior totally different from that of an aqueous solution. 
Statistic or dynamic stress can also accelerate the corrosion process. It is 
noted that galvanic corrosion caused by other engineering metals bonded 
to magnesium is the biggest threat to Mg alloy parts in many practical 
applications. Fortunately, theoretical prediction or computer modeling of 
this well-studied galvanic corrosion damage is now becoming possible. 

Fourthly, coating or surface treatment should be the most cost-effective 
way of retarding the corrosion of an Mg alloy at this stage. However, in 
reality coating or surface treating an Mg alloy is more difficult than for 
other conventional engineering metals. Most existing coating and surface 
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treatment techniques that have succeeded in protecting other metals from 
corrosion attack cannot be directly applied to Mg alloys. New developments 
and modifications are required. 

Based on findings such as these, perspective in the field of corrosion and 
corrosion protection of Mg alloys is presented in the following aspects: 


e The fundamental understanding of the corrosion mechanisms of Mg 
and its alloys is very limited compared with that of other conventional 
engineering metals. However, such knowledge is essential if Mg 
applications are to expand. This knowledge is also a foundation for 
the development of cost-effective corrosion mitigation techniques for 
Mg alloys. In particular, as more innovative Mg alloys emerge for new 
applications, a comprehensive understanding of corrosion mechanisms 
will be one of the most important long-term research goals in the field 
of corrosion and protection of Mg alloys. 

e The aim of a corrosion study is to solve a particular corrosion problem. 
It would be ideal if a material had a corrosion-resistant composition and 
microstructure and thus performed, for example, as stainless steel does 
in service. However, it is extremely challenging to change the nature 
of Mg from chemically active to passive through alloying with small 
amounts of some ‘miracle’ elements. Nevertheless, modification of the 
composition and microstructure to improve the corrosion performance 
of an Mg alloy to some degree will continue to be a significant research 
area. It will be a long journey to develop and commercialize a corrosion- 
resistant Mg alloy. 

e Before a ‘stainless’ or corrosion-resistant Mg alloy is commercially 
available, opportunities to use Mg alloys in selective environments should 
not be overlooked. However, knowledge about how Mg alloys behave 
in particular environments is currently lacking. The application of Mg 
alloys in industry requires such information, particularly information on 
long-term corrosion. Therefore, collection of data on long-term exposure 
will continue to be one of the areas of interest to Mg scientists as well 
as industrial engineers. In the lab, the first step will be estimation or 
prediction of the corrosion behavior of Mg alloys under a few typical 
corrosion environments. 

e Surface treatment and coating techniques are the most cost-effective 
approaches of improving the corrosion performance of Mg alloys and 
enabling their increased use. In fact, new surface treatment and coating 
techniques suitable for Mg alloys are urgently needed in many critical 
applications. This is currently a ‘hot’ area in the field of corrosion and 
protection of Mg alloys. It can be predicted that, before a ‘stainless’ 
or corrosion-resistant Mg alloy becomes a realistic possibility, the 
development of coatings and surface treatments for Mg alloys, as well 
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as the relevant fundamental research, will be a high-priority research 
area. 


Overall, this book provides a picture of Mg alloys in the overall family of 
materials and offers an optimistic view that sustained research will steer this 
material to many applications that can benefit from its unique attributes as 
outlined in the Preface. 
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further anodic oxidisation, 26 
Mg anodic dissolution, 27 
overall anodic dissolution 
reaction, 27-8 
corrosion mechanism and 
characteristic processes, 37-57 
anodic and cathodic reactions 
involved in Mg self-corrosion, 
38 
corrosion performance, 51—7 
galvanic current density 
dependence on the insulating 
spacer thickness, 45 
galvanic effect, 43-5, 46 
MEZy and MEZp weight loss and 
rates, 56 
Mg alloy corrosion, 45-6 
Mg matrix phase self-corrosion, 
37-8 


non-uniform corrosion and 
particle undermining, 52 
magnesium and its alloy, 3-57 
Mg alloys corrosion rates, 54 
under salt immersion test 
condition, 55 
micro-galvanic cell in Mg alloy, 
46-51 
AZ31B sheet hydrogen evolution, 
48 
AZ91E corrosion morphologies, 
49 
crystal planes corrosion 
resistance, 47 
dual-role model of secondary 
phase, 50 
grain orientation, 46-7, 48 
impurity, 50-1 
secondary phases, 48-50 
solid solution concentration, 47-8 
ZE41 cross-section, 49 
surface film, 9-15 
composition and microstructure, 
9-11 
Mg, Al and their oxides and 
hydroxides mole volumes, 12 
Mg(OH), solubility in various 
media, 13 
possible Mg surface film 
microstructure, 14 
stability and protectiveness, 11-15 
thermodynamics, 4-9 
chemical potential of Mg and its 
compounds, 5 
critical electrochemical and 
chemical reactions, 7—9 
E-pH diagram, 6 
stability in aqueous environments, 
5-7 
tendency, 4-5 
corrosion fatigue, 387-98 
applied stress on relative fatigue life, 
395 
fracture surface in crack origin area, 
396 
lifetime of extruded and diecast 
alloys in air, 394 
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magnesium alloys, 387-98 
experimental set-up, 389 
results, 390-8 
state-of-the art fatigue and 

corrosion fatigue behaviour, 
387-9 

S-N diagrams 

diecast and extruded AM50 
alloys, 391 

diecast AZ91D and extruded 
AZ80, 392 

extruded alloys ZK60 and AZ31 
in air, 393 

surface pits in extruded AMSO and 

ZK60, 397 


corrosion inhibitors, 545 
crack growth, 336 

crack nucleation, 348 

crack propagation, 318, 325-6 
creep deformation, 366 
current density, 501 


degradable magnesium implants, 403-6 


basic concept, 404-5 
corrosion, 403—23 
future trends, 422-3 
in vitro corrosion test methods, 
418-22 
basic and technical tests, 419-20 
element and ion release in 
corrosion solution, 420 
hydrogen evolution method set- 
up, 419 
ion-selective electrodes, 421 
osmolality measurements, 420 
sophisticated methods, 421 
titration, 421 
in vivo corrosion, 409-11 
tissue water content consistency, 
411 
in vivo corrosion characterisation 
methods, 411-18 
corrosion rate based on maximum 
and mean pit depths, 417 
corrosion rate determined in 3D 
by SRuCT, 412-17 
corrosion rate from area 
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measurements, 412 
3D reconstruction of Mg alloy 
segmented from bone matrix, 
414 
element distribution around 
corroding implants, 411-12 
implant volume of LAE442 and 
magnesium fluoride-coated 
LAE442, 415 
implanted Mg rod in bone tissue, 
413 
in vivo corrosion rates, 416 
local gas cavity formation, 417-18 
reconstructed and visualised 
SRuCT data, 416 
recent advances, 405-6 
selection and use, 406-9 
development cycle, 407 
temporary implants, 404, 405 
gradual loss of mechanical 
integrity, 405 


degradable metallic materials, 404 
delayed hydride cracking, 342-4 
die casting, 212 

diecast magnesium alloys, 396-7 


chemical composition, 374 
corrosion creep, 373-87 
tensile properties, 374 
time-dependent creep rate, 381 


difference effect, 15 
diffusion coefficient, 345 
dimethylsulfone, 521 

DIN 38414-8, 420 
dissolution mechanisms, 335 
DMSO see dimethylsulfone 
DOW, 546 

Dow 17, 566, 573, 576, 579 
dream machine, 485 


E-coating, 605, 606 


see also electrophoretic coatings 


ECAP see equal channel angular 


pressings 


EIC see environmentally induced 


corrosion 


EIS see electrochemical impedance 


spectroscopy 
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electrochemical impedance 
spectroscopy, 89, 168, 431, 
533 
electrochemical noise, 89 
electrochemical quartz crystal 
microbalance, 496—7 
electrochemical reactions, 271—2 
electrochemical window, 489 
electrocoat see electrophoretic coatings 
electrodeposition 
Al and Al/Zn-coated Mg alloys 
electrochemical and corrosion 
resistance, 528, 530-4 
bare Mg alloy and Al-coated Mg 
samples Nyquist plots, 535 
electrochemical impedance 
spectroscopy, 533 
polarisation behaviour, 532-3, 
534 
salt spray test, 528, 530-1 
AICI;—-EMIC ionic liquids 
electrochemical characteristics, 
523-6 
glassy carbon electrode cyclic 
voltammogram, 525 
tungsten electrode cyclic 
voltammogram, 524 
aluminium on magnesium alloy in 
ionic liquid, 519-36 
basics for ionic liquid plating, 
521-3 
material characteristics, 526-8, 529 
Al-coated AZ91D Mg alloy 
surface morphology, 527 
AZ91D alloy surface morphology 
after electrodeposition, 530 
digital micrographs of AZ91D Mg 
alloy, 531 
uncoated AZ91D Mg alloy 
surface morphology, 526 
X-ray diffraction patterns of 
various samples, 529 
potentiodynamic polarisation curves 
Al/Zn-coated AZ91D Mg alloy, 
534 
bare Al-coated AZ91D Mg alloy, 
532 


electrodeposition painting see 
electrophoretic coatings 
electroless E-coating, 559-60 
electroless plating, 520 
electrolyte layer, 294-5 
electrolyte pH, 294 
electrophoretic coatings, 554—60 
deposition, 557—60 
current—time curve under constant 
applied voltage, 559 
electrolytes, 557-8 
process parameters, 558-60 
post-treatment and baking, 560 
surface pre-treatment, 555—7 
conversion coating and 
phosphating, 556-7 
NMP test results of coatings 
bonding strength, 556 
oxidisation, 557 
surface cleaning, 555-6 
electrophoretic painting see 
electrophoretic coatings 
EMIC see 1-ethyl-3-methylimidazolium 
chloride 
engine blocks, 426-7 
engine coolants, 428-9 
corrosion inhibition, 444—50 
inhibition by KF in commercial 
coolants, 447-50 
inhibitive effect of KF in 
ethylene glycol solutions, 
446-7 
inhibitors for magnesium alloys, 
445-6 
suitable coolants for magnesium 
alloys, 444-5 
corrosion of magnesium alloys, 
426-52 
ethylene glycol solution, 438-9 
health and environmental 
concerns, 450-1 
corrosion performance evaluation, 
429-32 
acceptable corrosion threshold, 
432 
ASTM standards D1384 and 
D4340, 432 


© Woodhead Publishing Limited, 2011 


coolant solutions for laboratory 
tests, 429-30 
galvanic current measurement, 
430-1 
immersion, hydrogen collection 
and weight loss measurement, 
430 
polarisation and electrochemical 
impedance spectrum, 431 
magnesium alloys, 427-9 
engine coolants, 428-9 
magnesium engine block alloys, 
427-8 
magnesium alloys in commercial 
coolants, 439-44 
alloy effect, 443 
AM-SCI corrosion performance, 
439-40 
corrosivity of long-life coolants, 
440-1 
other alloy—coolant systems, 
441-3 
temperature, 443-4 
magnesium alloys in ethylene glycol 
solution, 438-9 
magnesium corrosion in ethylene 
glycol solution, 432-8 
concentration of ethylene glycol 
on corrosion rate, 433 
corrosion mechanism, 435-8 
water impurities on corrosion rate, 
434-5 
environmentally induced corrosion 
(EIC), 85 
epoxy-based coatings, 558 
EQCM see electrochemical quartz 
crystal microbalance 
equal channel angular pressings, 151 
ethers, 489-90, 512 
1-ethyl-3-methylimidazolium chloride, 
522 
ethylene glycol, 428, 435, 450-1 
ethylene glycol solution, 429 
magnesium alloys, 438-9 
magnesium corrosion, 432-8 
eudiometers, 420 
extruded magnesium alloys, 390, 397-8 
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face centred cubic, 175 
Faraday constant, 485 
Faraday current density, 479, 600 
Faraday’s equation, 193 
Faradic current, 19 
Faradic law, 19 
Faradic process, 168 
FCC see face centred cubic 
FEA see finite element analysis 
filiform corrosion, 88, 224—5 
film rupture, 335-6 
finite element analysis, 344 
fluoride, 14, 581 
fossil fuels, 271 
fractography, 334 
fracture process zone, 343 
free corrosion potential, 245 
cast alloy vs. coating alloy, 246 
friction stir welding, 315 


galvanic corrosion, 87-8, 335-6, 430-1, 
432, 456 
assembly, 455-6, 457, 460, 462-3 
modelling theory, 478-82 
numerical modelling of magnesium 
alloys, 455-82 
rate, 44 
galvanic current measurement, 430-1 
galvanic effect, 43-5, 46 
galvanic current density dependence 
on the insulating spacer 
thickness, 45 
Mg alloy corrosion model with 
various micro-galvanic cells, 
46 
galvanic interaction assembly, 456-7, 
458, 469 
Galvoline, 96 
Galvomag, 96 
gas cavities, 417-18 
GFA see glass-forming ability 
GIA see galvanic interaction assembly 
Gibbs free energy, 4, 575 
glass-forming ability, 208 
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glass matrix composites, 227 

glymes, 505, 511, 512 

Grignard solutions, 495-8 

voltammeric and EQCM responses 

of Grignard reagent solution, 
496 

Gumbel distribution, 192 


HAE, 566, 567, 576, 579 
Hank’s solution, 92, 95, 152 
HCP see hexagonal close packed 
HEAC see hydrogen environment 
assisted cracking 
heat treatment, 313-15 
hexagonal close packed, 173, 212 
hexamethylenetetramine, 76 
high pressure die cast, 146 
histomorphometry, 412 
homogenisation annealing, 131 
HPDC see high pressure die cast 
hydrides, 350-1 
hydrogen, 326-7 
hydrogen collection, 430 
hydrogen diffusion, 344—7, 349-50 
hydrogen embrittlement, 339-42 
hydrogen environment assisted cracking, 
343 
hydrogen evolution, 38-41, 419-20 
average corrosion rates for Mg-Al 
single phases, 41 
experimental equipment for 
measuring hydrogen volume, 
39 
method, 40 
rate, 15, 167 
hydromagnesite, 278-9 


IGSCC see intergranular stress corrosion 
cracking 
immersion, 430 
in vitro corrosion 
test methods, 418-22 
basic and technical tests, 419-20 
element and ion release in 
corrosion solution, 420 
ion-selective electrodes, 421 
osmolality measurements, 420 


sophisticated methods, 421 
submersion test, 421—2 
titration, 421 
in vivo corrosion, 409-11 
characterisation methods, 411-18 
corrosion rate determined in 3D 
by SRUXT, 412-17 
element distribution around 
corroding implants, 411—12 
industrial environment, 271 
innovative magnesium alloys 
alloy coatings, 243-8 
cast alloy and coating alloy free 
corrosion potential, 246 
inert Si and active AMS50 substrate 
on corrosion performance, 248 
amorphous alloys, 238—43 
dissolution rates, 242 
polarisation behaviour, 241 
potentiodynamic polarisation 
behaviour, 243 
transition with increasing Ni 
content, 240 
corrosion, 234-60 
ion implantation, 248-50 
implanted dose on corrosion 
performance, 249 
laser processed magnesium alloys, 
250-60 
average corrosion rates before and 
after LSM, 252 
AZ91B alloy polarisation 
behaviour, 259 
back-scattered scanning electron 
micrographs, 258 
laser-clad AZ91HP alloy scanning 
electron macro/micrographs, 
259-60 
laser surface melting schematic, 
251 
untreated and laser surface melted 
and AZ91HP before and after 
corrosion tests, 254—5 
untreated and laser surface melted 
MEZ alloy specimens, 253 
untreated and laser treated WE43 
alloy impedance spectra, 257 
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WE43 Mg alloy specimens at 
different laser scanning speeds, 
256 
recycled alloys, 234-8 
chemical composition, 235 
corrosion rates, 236 
galvanic current, 237 
microstructural features 
improving corrosion resistance 
of AZC1231, 236 
phases in pure AZ91D, 
AZM1231, AZ91 and 
AZC1231, 237 
tolerance levels, 238 
intensive milling, 212 
intergranular cracks, 384-6 
intergranular stress corrosion cracking, 


335, 351-2 
vs. TGSCC, 312-13 
iodide, 581 


ion implantation, 248-50 
ion-selective electrodes, 421 
ionic liquids, 490-1, 512 
containing Al,Cl, anion for 
electrodeposition of 
aluminium, 523 
electrodeposition of aluminium on 
magnesium alloy, 519-36 
magnesium electrochemistry, 498-9 
structural formulae and some 
physical properties, 491 
systems studied and relevant Mg 
salts, 499 
iron, 15, 99, 307 
ISE see ion-selective electrodes 
ISO standard 9223, 276 


JIS (H8651), 546 
Keronite, 566, 567, 576 


lactobionic acid, 446 
LAE442, 406, 407, 416 
Laplace equation, 457 
laser alloying, 250 

laser beam welding, 315 
laser cladding, 250 
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laser processing, 250-60 
magnesium alloys, 250-60 
laser surface melting, 250-6 
schematic, 251 
LCA see local cell action 
linear-transfer model, 44 
linearly increasing stress test 
apparatus schematic, 325 
vs. CERT, 324-6 
stress-strain results, 325 
liquid metal embrittlement, 341 
LIST see linearly increasing stress test 
LLC-F, 444, 447-50 
LLC-T, 444, 447-50 
LME see liquid metal embrittlement 
local cell action, 106 
long-life coolants, 428-9, 440-1 
LSM see laser surface melting 


magnesite, 278 
magnesium 
corrosion electrochemistry, 3-57 
corrosion reaction, 409 
electrodes in conventional polar 
aprotic solvents and in 
Grignard solutions, 495-8 
non-aqueous electrochemistry, 
484-513 
properties that make it an anode 
material for batteries, 486 
magnesium alloys 
active and passive behaviours, 66-71, 
84-96 
barrier film formation and 
properties, 71, 72 
corrosion forms, 84—96 
galvanic corrosion or bimetallic 
corrosion, 87—8 
mechanically assisted corrosion, 
95 
metallurgically influenced 
corrosion, 91 
passive state localised corrosion, 
88-90 
pure magnesium charge transfer 
resistance and film resistance, 


90 
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pure magnesium passive layers on 
polished strips, 72 
stress corrosion cracking, 95-6 
activity and passivity, 66-109 
future trends, 108-9 
actual and possible uses, 103-5 
bracelet anodes for subsea pipe 
lines, 103 
cathodically protected hot water 
tank with Mg anode, 104 
pipe line protection, 103 
steel cathodic protection in 
concrete, 105 
water heaters, 103-5 
aluminium electrodeposition in ionic 
liquid, 519-36 
anodisation and corrosion, 565-609 
anodised coating/film, 572-7 
anodising behaviour 
characteristics, 568-72 
anodising mechanism, 583—90 
anodising techniques, 565-8 
application, 604—9 
corrosion of anodised magnesium 
alloys, 591-604 
influencing factors, 577—83 
atmospheric corrosion, 269-96 
atmospheric environment, 270-1 
atmospheric gases and particles, 
273-5 
corrosion during field exposure, 
275-7 
corrosion products, 278-80 
electrochemical reactions, 271—2 
field exposed magnesium and 
accelerated tests, 293-5 
influence of microstructure on 
behaviour, 280-93 
oxide film, 272-3 
AZ91D alloy 
coating TEM images, 173 
difference ratio and ratio of HER 
ratio to T4 alloy, 168 
EIS at 5mA anodic current, 171 
AZ91D and T4 alloy 
EIS at 5mA anodic current, 169 
hydrogen evolution kinetics, 167 


cast, MC and T4 alloy 
hydrogen evolution volume, 174 
polarisation curves, 177 
SEM images, 176 
cast and MC alloy 
product film TEM, 178-9 
product films electronic band 
structure, 179 
corrosion, 615-17 
corrosion and metallurgical influence, 
117-61 
impurity concentration, 137-49 
measurement details, 118—23 
medical implant applications, 
152-60 
secondary phase effect, 124-37 
surface condition, 149-52 
corrosion creep and fatigue 
behaviour, 365-98 
corrosion creep of magnesium 
and diecast magnesium alloys, 
373-87 
corrosion fatigue, 387-98 
corrosion electrochemistry, 3-57 
anodic process, 15-30 
cathodic process, 30-7 
corrosion mechanism and 
characteristic processes, 37-57 
surface film, 9-15 
thermodynamics, 4-9 
corrosion in degradable implants, 
403-23 
basic concept, 404—5 
future trends, 422-3 
in vitro corrosion test methods, 
418-22 
in vivo corrosion, 409-11 
in vivo corrosion characterisation 
methods, 411-18 
major recent advances, 405-6 
recent advances, 405-6 
selection and use, 406—9 
temporary implants, 404, 405 
corrosion in engine coolants, 
426-52 
commercial coolants, 439-44 
corrosion inhibition, 444-50 
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health and environment concerns, 
450-1 
laboratory evaluation 
methodology, 429-32 
magnesium alloys and coolants, 
427-9 
magnesium alloys in ethylene 
glycol solution, 438-9 
magnesium corrosion in ethylene 
glycol solution, 432-8 
corrosion mechanism of sacrificial 
anodes, 101-2 
anode/cathode surface area ratio, 
101-2 
potential difference, 101 
sacrificial magnesium and 
aluminium alloys cathodic 
corrosion, 102 
corrosion process, 166-204 
B-phase, 166-72 
occurring on surfaces, 542 
structure, 166-80 
corrosion protection by conversion 
and electrophoretic coatings, 
541-61 
critical parameters for efficiency, 
97-101 
anode composition and 
microstructure, 98—100 
current density, 97-8 
environment, 100—1 
high-purity magnesium efficiency 
vs. current density, 98 
environmentally enhanced creep and 
fatigue of metals, 366-71 
Andrade’s apparatus for straining 
metals, 367 
current density, kind of 
electrolytes and heat treatment 
on hardening parameters, 371 
galvanic corrosion numerical 
modelling, 455-82 
general corrosion, 85—7 
negative difference effect and 
Mg* on corrosion rate, 85—7 
sacrificial magnesium in the active 
state, 87 
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GW102K 
cathodic polarisation curves, 183 
corrosion morphology, 187-9 
EIS under various thin layer 
thickness, 185 
equivalent circuit, 185 
Gumbel distribution parameters, 
194 
laser processed, 250-60 
mechanoelectrochemical behaviour, 
372-3 
dislocation network and 
dislocation pile-ups in diecast 
AMS0 alloy, 373 
dissolution rate, 372 
Mg-Gd-Y alloy 
fitted electrochemical parameter 
for cathodic polarisation curve, 
183 
fitted electrochemical parameter 
for EIS, 186 
Weibull distribution parameters, 
191 
microbiological influenced corrosion, 
92-5 
alkaline treatment for better 
biodegradation, 94—5 
magnesium extruded specimen 
potentiodynamic curves, 93 
Mg-0.1 Mn and 0.1 wt% Zn alloy 
average corrosion rates, 93 
Mg-Zn alloys as biodegradable 
materials, 94 
simulated corrosion studies for 
biomaterial use, 92-4 
microcrystallisation in Mg alloy 
corrosion behaviour, 172—80 
passive behaviour improvements and 
promising avenues, 74-8 
alloying and passivity, 74-5 
anodised and oxidised films, 76-7 
AZ91D alloy potentiodynamic 
polarisation curves, 77 
cathodic charging, 77-8 
inhibitors influence, 75—6 
passive properties and stability, 
71-4 
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aqueous media, 72-3 
Mg high temperature oxidation, 
71-2 
passive layer critical evaluation, 
73-4 
Pourbaix and Perrault E-pH 
diagrams, 66-71 
divalent magnesium hydride 
presence, 69 
AN of Mg and other elements, 70 
magnesium thermodynamic and 
practical nobility, 69-71 
Mg E-pH diagram showing 
the Mg compounds stability 
domains, 67 
Mg* ion, 68-9 
rare earth elements in corrosion 
process, 180-204 
AZ91 alloy passivity behaviour, 
195-204 
cumulative probability plots for 
the events frequency, 190 
EIS fitting results, 201 
equivalent circuit model for EIS 
spectra, 201 
experimental arrangement for 
thin electrolyte film corrosion 
study, 182 
Gumbel probability plots under 
various thin layer thickness, 
194 
pit initiation rate under various 
thin layer thickness, 192 
under thin electrolyte layers, 
180-95 
various diameter pits under TEL, 
194 
Weibull probability plots under 
various thin layer thicknesses, 
191 
sacrificial behaviour evaluation, 
105-8 
general considerations, 105-6 
Nyquist representation of 
impedance, 108, 109 
polarisation and impedance 
methods, 106-8, 109 


polarisation curves in simulated 
backfill solution, 107 
sacrificial Mg and its alloys 
performance, 96-101 
sacrificial metal and its alloys, 
96-7 
specific factors characterising 
corrosion behaviour, 78—84 
active and passive states at high- 
temperature aqueous media, 84 
impedance diagrams, 82 
magnesium theoretical 
polarisation curve, 79 
Mg potentiodynamic polarisation 
characteristics, 78 
oxygen and some active ions, 
83-4 
pH influence on polarisation curve 
in de-aerated solutions, 78 
pure magnesium, AMSO and 
AZ91D alloys potentiodynamic 
curves, 81 
solution agitation, 80-3 
Tafel extrapolation of pure 
magnesium rotating disc 
electrode polarisation curve, 81 
theoretical schematic approach 
to active passive behaviour, 
79-80 
standard, contaminated standard and 
secondary alloys chemical 
composition, 235 
stress corrosion cracking, 299-354 
alloy influences, 301-15 
environmental influences, 326-34 
fractography, 334 
loading, 315-26 
mechanisms, 335-47 
open issues, 352-4 
recent insights, 348-52 
wrought AZ91 alloy 
EIS spectra, 201 
Mgls, Al2p and Ols XPS spectra, 
199-200 
passive films M-S plots, 202 
potentiodynamic anodic 
polarisation plots, 196 
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potentiostatic polarisation plots, 
197 
see also specific magnesium alloy 
magnesium-based bulk metallic glasses 
alloys with high glass-forming 
ability, 210 
chloride-induced local corrosion 
behaviour, 221—5 
melt-spun ternary and binary alloy 
potentiodynamic polarisation 
curves, 222 
corrosion behaviour, 207-27 
hydrogen effect on stability, 
225-6 
microstructural refinement effect, 
212-14 
future trends, 226-7 
general corrosion and passivation 
behaviour, 214—21 
Mg6sCuz.sNi7.sAgsZnsGdsY 5 alloy 
corroded surface, 224 
potentiodynamic polarisation 
curves with reverse scans, 223 
MggsCuasY 10 
and MggsCu,sAgjoY 19 cyclic 
potentiodynamic polarisation 
curves, 220 
auger electron spectroscopy depth 
profiles, 218 
cyclic potentiodynamic 
polarisation curves, 216 
potentiodynamic polarisation curves, 
215 
magnesium-chloro-organo-aluminates, 
502 
magnesium engine block alloys, 427-8 
critical property specifications, 427 
Magnusson-Kligman test, 158 
Magoxid, 566, 567, 576, 584 
manganese, 99, 306 
MAO see micro-arc oxidation 
Markov process, 192 
MBL coolant, 444 
MCE see mechanochemical effects 
mechanical mechanisms, 335 
mechanochemical effects, 80 
medium energy ion scattering, 575 
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MEM see minimum essential medium 
metal—matrix composites, 88 
Mexican test method, 106 
Mg-Al alloys, 374 
anodised coating on creep behaviour, 
385 
applied potential on reduction area, 
331 
initial applied stress vs. time to 
failure, 305 
iron—aluminium intermetallic phase, 
127 
strain rate on tensile properties, 322 
threshold stresses and intensity 
factors, 318-19 
Mg-Mn alloys, 306 
Mg-Ni alloys, 239-40 
polarisation behaviour, 241 
XRD spectra of melt-spun binary 
alloys, 240 
Mg-Ni-Nd alloys, 242 
MGZ, 566 
Mg-Zn alloys, 94, 306 
MIC see microbiological influenced 
corrosion 
micro-are oxidation, 76 
micro-galvanic cathodes, 48 
micro-galvanic corrosion, 352 
micro-plasma oxidation, 76 
microbiological influenced corrosion, 
92-5 
mild steel, 460 
minimum essential medium, 152 
MMC see metal—matrix composites 
Mott-Schottky (M-S) plots, 202 


N-heteroatom, 446 
N-methylpyrrolidone, 555 
negative difference effect, 15-17, 85-7, 
166, 474-5 
hydrogen evolution and Mg 
dissolution rates, 16 
polarisation potential dependence of 
hydrogen evolution and Mg 
dissolution rates, 17 
Nernst scale, 69 
nesquehonite, 278, 279 
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Newton—Raphson iterative method, 
459 
nickel, 15, 99 
nitrogen dioxide, 274 
NMP see N-methylpyrrolidone 
NMX-K-109-1977, 106 
non-aqueous electrochemistry, 484-513 
active metals passivation phenomena, 
491-5 
surface chemistry when 
introduced into non-aqueous 
solutions, 492 
surface films break and 
repair upon irreversible 
electrochemical dissolution 
processes, 494 
future trends, 511-13 
ionic liquids for magnesium 
electrochemistry, 498-9 
magnesium electrodes in 
conventional polar aprotic 
solvents and in Grignard 
solutions, 495-8 
magnesium ions insertion into 
inorganic hosts, 505-11 
cyclic voltammograms of 
Mg,.Mog¢Sg and Mg,Mo¢Seg, 
510 
electrochemical Li and Mg ions 
insertion into porous VO; 
electrodes, 507 
M,Mo¢Sg Chevrel phases basic 
structure, 508 
non-aqueous electrolyte solutions, 
487-91 
polar aprotic solutions 
potentiodynamic behaviour, 
490 
structural formulae and some 
physical properties of ionic 
liquids, 491 
structure formulae of polar-aprotic 
solvents, 488 
solutions with wide electrochemical 
window in which magnesium 
deposition is reversible, 500-5 
Mg deposition morphology for 


two THF solutions, 503 

Mg deposition—dissolution 
processes, 505 

MgAl(Cl,_,R,,)2 electrolytes 
synthesis on electrochemical 
window, 502 

MgkR; Lewis acid and AICl, R 
Lewis acid reactions in THF, 
504 

THE solutions with Pt electrodes 
steady state voltammograms, 


501 


non-aqueous electrolyte solutions, 


487-91 


numerical modelling 


boundary element method model, 
457-60, 461-2 
basic equations and boundary 
conditions, 458 
BEASY mesh for steel inset in an 
Mg sheet, 459 
boundary conditions in 5% 
NaCl solution used for BEM 
calculations, 462 
galvanostatic measurement of 
potential vs. time for AZ91D, 
461 
future trends, 476-82 
computer simulation 
methodology, 476-8 
galvanic corrosion modelling 
theory, 478-82 
multi-piece system, 478 
galvanic current density distribution 
AZ91D-steel galvanic couple in 
5% NaCl solution, 464 
BEM model and experimental 
measurements comparison, 
468 
effect of insulating distance, 466 
galvanic interaction, 469-71 
BEM model and linear addition 
of non-interacting galvanic 
current, 470 
experimental, 469-70 
linear superposition, 470-1 
theoretical background, 471 
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magnesium alloys galvanic corrosion 
corrosion rate, 477 
galvanic current density 
underestimation, 475 
idealised one dimension galvanic 
couple, 456 
negative difference effect, 474-5 
section through galvanic 
interaction assembly, 458 
section through multi-electrode 
assembly, 457 
self-corrosion, 474 
one-dimensional galvanic corrosion, 
460, 462-9 
area ratio of anode/cathode, 463—5 
experimental approach, 468-9 
experimental error, 467-8 
experimental measurement, 460, 
462-3 
insulation distance, 465—7 
solution, 467 
solution film depth, 465 
steady state, 467 
steel fastener, 47 1—4 
appearance after immersion in 5% 
NaCl solution, 472 
corrosion current density, 473 
corrosion on Mg surface coupled 
with 10 mm diameter steel 
insert, 472 
NZK, 442, 443 


OCP see open circuit potential 

Ohm’s law, 477 

one-dimensional galvanic corrosion, 
460 

open circuit potential, 74, 79 

organic inhibitors, 445-6 

organic top-coating, 606 

osmolality measurements, 420 

osmometer, 420 

oxidants, 544-5 

oxide films, 272-3, 366-7, 368 

oxygen, 83 

oxygen evolution, 572, 590 

oxygen reduction, 55, 272 

ozone, 274 


Index 637 
Pandat software package, 138 
paracetamol, 446 
parasitic corrosion, 98-9 
passivating effect, 593, 598 
passivity, 21-5, 66-109 
PBR see Pilling—Bedworth ratio 
PBS see phosphate buffered saline 
PEO see plasma electrolytic oxidation 
Perspex lid, 182 
pH, 294 
pH buffer regulators, 545 
phosphate, 581 
phosphate buffered saline, 152 
phosphate—permanganate conversion 
coating, 549-51 
physical vapour deposition, 244 
Pilling—Bedworth ratio, 11-12, 71 
pitting corrosion, 25, 52, 88, 89, 385-6, 
435-6 
passive films, 83-4 
pitting factor, 416 
plasma electrolytic oxidation, 315 
plasma treatment, 555 
plastic deformation, 368-9 
polar aprotic solvents, 495-8 
potassium fluoride, 446-50, 451 
potentiodynamic polarisation tests, 106-7 
Pourbaix diagrams, 216 
power spectral density, 89 
practical nobility, 70 
preferential corrosion, 335 
metal matrix adjacent to Mg,2Alj, 
313 
PSD see power spectral density 
pseudo-passivation, 80 
pure magnesium 
charge transfer resistance and film 
resistance, 90 
creep behaviour in air, 378 
galvanic current, 237 
polarisation behaviour, 241, 259 
potentiodynamic curves, 81 
relief of corrosion pits, 382 
sample with large transgranular 
crystallite, 376 
Tafel extrapolation of rotating disc 
electrode polarisation curve, 81 
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638 Index 
tensile properties, 374 
time-dependent creep rate, 381 
PVD see physical vapour deposition 


rapidly solidified alloys, 311, 328 
rare earth conversion coating, 546-7 
rare earth elements, 306-7, 407, 411-12 
Mg alloys corrosion process, 
166-204 
rare earth elements, 180-204 
role of structure, 166-80 
RBS see Rutherford backscattering 
spectroscopy 
recycled alloys, 234-8 
Rehbinder effect, 366, 369 
relative humidity, 270 
retarding effect, 592, 593 
rural atmosphere, 271 
Rutherford backscattering spectroscopy, 
575 


salt spray test, 419, 528, 530-1 

SATEC creep tester, 375-7 

saturated cabmel electrode, 34 

SBF see simulated body fluid 

SBP see simulated blood plasma 

scanning Kelvin probe, 181 

scanning Kelvin probe force microscope, 
282 

scanning vibrating electrode technique, 
146 

SCC see stress corrosion cracking 

SCE see saturated cabmel electrode 

sea salt, 270 

sealing, 604-6 

secondary magnesium alloys, 234-5 

chemical composition, 235 
tolerance levels, 238 

self-corrosion, 456, 474 

short pulse irradiation, 253-6 

silicone, 555 

simulated blood plasma, 92 

simulated body fluid, 94, 95, 152, 422 

SKP see scanning Kelvin probe 

SKPFM see scanning Kelvin probe force 
microscope 

sodium bicarbonate, 434—5, 437-8 


sodium chloride, 275, 387, 434 
sodium fluoride, 581 
sodium silicate, 581 
sodium sulphate, 434-5, 437-8 
sparking, 571-2, 588-90 
squeeze casting, 212 
SRuCT see synchrotron-based 
microtomography 
standard magnesium alloys 
composition, 235 
corrosion rates, 236 
tolerance levels, 238 
stannate conversion coating, 547-9 
stress corrosion crack velocity, 300, 343 
stress corrosion cracking, 85, 95-6 
alloy composition, 304—7 
aluminium, 304-6 
iron, 307 
manganese, 306 
other elements, 307 
rare earth elements, 306—7 
zinc, 306 
alloy influences, 301-15 
AZ91, AZ31 and AM30, 307-10 
AZ31 DC potential drop vs. stress 
curves, 310 
AZ91 stress vs. apparent strain 
curves, 309 
fluted fracture topography, 303 
FSW AZ31 after SCC test and 
SCC in stir zone, 317 
heat treatment, 313-15 
initial applied stress vs. time to 
failure, 305 
LB AZ31 after SCC test and 
IGSCC and TGSCC fracture 
surface, 316 
load vs. elongation, 302 
long-term rural atmosphere SCC 
susceptibility, 311 
preferential corrosion of metal 
matrix adjacent to Mg),Al), 
313 
pure magnesium, 301-4 
rare earth-containing Mg alloys, 
308 
TGSCC vs. IGSCC, 312-13 
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threshold stress for common Mg 
alloys, 304 
welding, 315 
wrought vs. cast, 310-12 
environmental influences, 326-34 
applied potential on reduction area 
for Mg-9Al, 331 
atmosphere, 327-8 
AZ91 stress vs. apparent strain 
curves, 327 
coatings, 333-4 
electrochemical potential, 330-2 
hydrogen, 326-7 
pH, 332-3 
solution composition, 328-30 
strain rate on SCC susceptibility, 
332 
temperature, 333 
variation in time to failure with 
pH, 333 
loading, 315-26 
CERT vs. LIST, 324-6 
C(T) experiments, 326 
fracture mechanics, 315-20 
LIST apparatus schematic, 325 
LIST vs. CERT stress-strain 
results, 325 
mechanical limits, 320 
Mg-7.5AI strain rate on tensile 
properties, 322 
Mg-9AI threshold stresses and 
intensity factors, 318-19 
strain rate on AZ31B SCC 
susceptibility index, 324 
strain rate on SCC susceptibility, 
323 
stress and strain rate, 320—4 
stress intensity factor on crack 
velocity, 317 
magnesium alloys, 299-354 
fractography, 334 
open issues, 352-4 
trans granular stress corrosion 
cracking model, 300 
mechanisms, 335-47 
cleavage, 336-9 
delayed hydride cracking, 342-4 


Index 639 
diffusion coefficient of H in Mg, 
347 
galvanic corrosion and film 
rupture, 335-6 
hydrogen diffusion, 344—7 
hydrogen embrittlement, 339-42 
jog formation during 
discontinuous cleavage, 339 
literature data for diffusion 
coefficient of H in Mg, 346 
preferential corrosion, 335 
tunnelling, 336 
recent insights, 348—52 
AM30 fracture surface, 348 
AZ31 and AM30 fracture surface 
morphology, 350 
AZ91 fracture surface 
morphology, 351 
AZ91 secondary crack, 349 
B particles, 348-9 
hydrides, 350-1 
hydrogen diffusion and trapping, 
349-50 
rolled AZ31 fracture surface, 352 
texture, 351-2 
stress intensity factor, 300, 315-16, 
343 
submersion test, 419, 421-2 
sulphur dioxide, 273-4 
susceptibility index, 323 
SVET see scanning vibrating electrode 
technique 
synchrotron-based microtomography, 
412-17 
in vivo corroded LAE442 and 
magnesium fluoride-coated 
LAE442, 416 


Tafel equation, 40 
Tafel extrapolation, 40, 41, 119, 121, 
122 

Tafel slope, 80, 82, 86 

Tagnite, 566, 567, 576, 579, 594 
cross-sectional microstructure, 580 

TEL see thin electrolyte layers 

temporary biomaterials, 404, 405-6 

tetraborate, 581 
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640 Index 

tetrahydrofuran, 521 

TGSCC see transgranular stress 
corrosion cracking 

thermodynamic nobility, 70 

THE see tetrahydrofuran 

thin electrolyte layers, 89, 180 

thin solution films, 477 

tin, 307 

titania sol, 581 

titration, 421 

TMPAC see trimethylphenylammonium 
chloride 

Total, 442, 443 

total galvanic corrosion, 456 

transgranular stress corrosion cracking, 
335, 337, 339, 343 

model, 300 
vs. IGSCC, 312-13 

trimethylphenylammonium chloride, 
522 

tungsten inert gas welding, 315 


Ultramag, 96 
urban atmosphere, 271 


V-logi, 79 
vanadate conversion coating, 551 
volta potential, 286, 290, 291 


water reduction, 272 

WE43, 406, 407 

Weibull distribution function, 190 
Weibull probability plots, 191 

weight loss measurement, 414-16, 430 
welding, 315 

wet glass beading, 556 

wetting agents, 545 

wrought alloys, 310-12 


Z-phase, 130 
zero resistance ammeter, 460, 462 
zinc, 306 
zirconium, 307 
ZK60 
S-N diagrams, 393 
stress intensity factor on crack 
velocity, 317 
surface pits, 397 
ZRA see zero resistance ammeter 
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